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Candida albicans is one of the most prevalent human fungal pathogens. 
Interestingly, it encodes three Cu-only superoxide dismutase (SOD) enzymes 
(SOD4, SOD5, SOD6). These Cu-only SODs represent a new class of extracellular 
SODs that are found throughout the fungal kingdom. C. albicans SOD5 was the 
first member in this class to be characterized structurally via X-ray crystallography 
and remains the only member of this class for which a structure exists. Biochemical 
studies on SOD5 revealed it to be a highly active SOD enzyme. SOD5 is important 
for both fungal defense against reactive oxygen species and morphogenesis 
signaling in C. albicans. In addition, SOD5 has been shown to be a virulence factor 
in rodent models of Candida infection. SOD4 shares a 72% sequence identity with 
SOD5, but little is known about its unique role in C. albicans biology.   
In this thesis, I characterized the SOD4 protein and studied its role in C. 
albicans and related Candida spp. First, I found SOD4 has different surface 
charges compared to SOD5, but that they are otherwise very similar at the 
biochemical level (Chapter 2). I found that SOD4, like SOD5 is a highly efficient 
monomeric SOD enzyme requiring only Cu as a cofactor and has similar Cu 
binding properties (Chapter 2). C. albicans transcriptionally upregulates SOD4 
during Fe deprivation, a response that is also demonstrated by other Candida 
species and may be conserved in the CTG fungal clade (Chapter 2). C. tropicalis, 
like C. albicans, also produces a burst of ROS during hyphal morphogenesis that 
coincides with induction of a Cu-only SOD enzyme (Chapter 2). I also determined 






despite its divergence from the SOD4 and SOD5 sequences of C. albicans 
(Chapter 2). Currently, there are no published structures of SOD4 proteins. In 
Chapter 3 of this thesis, I studied SOD4 and SOD5 by NMR to gain insight into 
their structures in solution and determine the feasibility of future NMR-based 
assays. 
Previous in vivo studies indicated that sod5∆/∆ mutants of C. albicans had 
decreased virulence in the lateral tail vein model of disseminated candidiasis in 
mice and were incapable of forming biofilms in a central venous rat catheter model. 
Surprisingly, we found that sod4∆/∆ yeast did not have decreased ability to cause 
invasive infection in mice and were still capable of producing robust biofilms on rat 
venous catheters in vivo (Chapter 4). We found there may be some increased 
immune cell infiltration in these models, and perhaps the loss of SOD4 alters 
immune cell signaling.  
This thesis research adds structural and biochemical information to the 
knowledge of this unique class of enzymes and their role in fungal pathogenesis.  
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The origins of superoxide in biology and in infectious disease 
 Two to three billion years ago, cyanobacteria evolved a remarkable capacity to 
split H2O, and the O2 gas emitted from this reaction dramatically altered the chemical 
composition of the planet and the course of evolution (1).  With O2 in the atmosphere, 
organisms evolved methods to harness energy through O2 reduction, providing the fuel 
to drive evolution of multicellularity (2,3).  Yet in biological systems, O2 can also be 
detrimental through its conversion to reactive oxygen species (ROS), including 
superoxide (O2.-), hydrogen peroxide (H2O2), and hydroxyl radical (.OH). O2.- is generated 
from the single electron reduction of O2 and while O2.- cannot generally cross biological 
membranes, it becomes membrane permeable if protonated to hydroperoxyl (HO2.) and 
can dismutate spontaneously to generate H2O2 and O2. H2O2 can also cross biological 
membranes and may be further reduced through metal-catalyzed Fenton chemistry to 
generate the highly reactive .OH.  These ROS have the capacity to oxidize virtually all 
organic as well as many inorganic components of the cell, and the effects can range from 
mild reversible modifications to protein thiols, to irreversible and lethal damage to DNA, 
enzymes, and cellular membranes. There are many excellent reviews on the topic of ROS 
in biology (4-10). Here I shall focus on the first product of oxygen reduction, O2.-, its 
sources and reactivity in biology, and the special circumstances surrounding O2.- at the 
host-pathogen interface. 
 All aerobic organisms generate O2.- as a natural byproduct of metabolism, and 
leakage of electrons from the respiratory chain is a just one origin of intracellular O2.- (11). 
Aside from these endogenous or metabolic sources, microbial pathogens are faced with 






phagocytic cells produce O2.- deliberately as a means of defense against invading 
microorganisms and the pathogen must efficiently remove this O2.- before formation of 
species that are even more reactive. The so-called oxidative burst generated by 
macrophages and neutrophils involves activation of transmembrane NADPH oxidase 
(NOX) enzymes that use electrons from NADPH to reduce oxygen to O2.- (12). 
The O2.- is produced vectorially away from the host cell cytosol in the direction of 
the invading pathogen either into the extracellular space or the phagolyosomal 
compartment, an intracellular vesicle resulting from the engulfment of microbes by 
phagocytes (12,13). There are four NOX isoforms in humans. Each is a multi-subunit 
complex that is membrane bound and utilizes NADPH, FADH2, and two molecules of 
heme to shuttle electrons to O2.  Catalysis is accomplished by flavocytochrome b558, 
which is comprised of a 91 kDa glycoprotein (gp91) and a non-glycoslyated 22 kDa 
subunit (p22). gp91phox−/− mice missing the gp91 subunit of phagocytic NOX (phox) can 
no longer produce bursts of O2.- and have a greater susceptibility towards infection by 
bacteria and fungi (14,15).  
 O2.- on its own can be toxic to pathogens. For example, O2.-  can disrupt microbial 
Fe-S clusters, elevate reactive Fe levels, cause mis-metallation of mononuclear Fe 
enzymes, or it can be converted to other reactive species to attack the invading microbe 
(16-20). Phagocytic cells can also produce nitric oxide (NO.) from nitric oxide synthase 
(NOS) (21), a freely diffusible and labile radical that can readily react with O2.- generated 
by neighboring NOX enzymes to produce highly reactive peroxynitrite (ONOO-) (22) 
(Figure 1-1).  ONOO- in turn can oxidize and damage polypeptide side chains, DNA, and 






Another possible fate of O2.- in the immune response is its reduction to the membrane 
permeable H2O2, which can either react on its own with microbial macromolecules or be 
converted to the highly reactive  .OH through Fenton chemistry (25,26).  Additionally, in 
neutrophils, H2O2 can be converted to the membrane permeable hypochlorous acid 
(HOCl) via myeloperoxidase (27). HOCL can trigger oxidative unfolding of proteins (28) 
and is genotoxic to microbes(29). Overall, through the production of these various 
reactive oxygen and nitrogen species, O2.- lies at the heart of immune cell chemical 
warfare (Figure 1-1).  
 
ROS management through superoxide dismutase enzymes  
 In virtually all living organisms, O2.-  is managed through the action of a single 
enzyme class, the superoxide dismutase (SOD) metalloenzymes that catalyze the two-
step disproportionation of O2.- anion to H2O2 and O2 .   
 
 Since the initial discovery of a Cu-containing SOD by Fridovich and colleagues in 
1969, there has been an explosion in the literature regarding the multiple families of SOD 
enzymes with varying metal cofactors and their multifaceted roles in ROS biology (30-
32).  Due to their widespread importance, SOD enzymes have evolved on several 
occasions to utilize different redox-active metal cofactors. Importantly, when these 






occurs because the protein must be able to specifically tune the redox potential of the 
active site metal to accommodate its reduction midpoint potential for catalysis(34). 
 The most ancient of these enzymes are thought to have utilized Fe as the metal 
cofactor based on the abundant bioavailability of ferrous Fe in primordial oceans (35,36). 
The large Fe-containing family has since expanded to also include Mn-SODs and in some 
instances “cambialistic” SODs that can function with either Fe or Mn(36-40). However, 
cambialistic SODs tend to have lower enzyme activity for the reasons described 
above(31).  Unrelated families of Cu-containing and Ni-containing SODs have also 
evolved over time (31,41,42), and this expansion of cofactor options in SOD enzymes is 
likely linked to geological changes in metal bioavailability that accompanied oxygenation 
of the biosphere (43,44). Given the virtually ubiquitous existence of O2.-  in aerobic 
organisms, it is of no surprise that SOD enzymes are found in every domain of life and 
have even been discovered in viral genomes (45). Importantly, since O2.-  is not freely 
diffusible across membranes, each compartment requires its own SOD enzyme. In the 
case of microbial pathogens, the extracellular SODs are particularly important as they 
must directly engage the O2.- produced by host NOX.  Below I summarize the various 
ways microbial pathogens have evolved to exploit SOD enzymes for survival and 




 Fungal pathogens are eukaryotic and thus require SOD enzymes within numerous 
intracellular organelles to accommodate the many origins of O2.-. Unlike bacteria, where 






of fungi and other eukaryotes is intracellular. This Cu/Zn-SOD, typically known as SOD1, 
is largely cytosolic and also present in the intermembrane space of the mitochondria, 
mimicking the periplasmic location of bacterial Cu-containing SODs(46,50,51).  Within the 
matrix of the mitochondria is a separate Mn-containing SOD2, and the combined action 
of SOD1 and SOD2 effectively remove O2.- produced during mitochondrial respiration. 
Although eukaryotic Mn-SODs are typically mitochondrial, there are rare cases of 
cytosolic Mn-SODs in fungal pathogens as described below. In addition to the 
aforementioned intracellular SODs, many fungal pathogens also express extracellular 
SODs. Analogous to the extracellular SODs of bacteria pathogens, these fungal SODs 
represent the first line of defense against host-derived O2.-.  
 
Intracellular Fungal SODs  
 Intracellular SODs of fungi have been shown to be virulence factors. Deletion of 
the mitochondrial matrix SOD2 reduces virulence in mouse and insect models of C. 
neoformans and B. bassiana infection, respectively, likely due to the importance of 
detoxifying ROS byproducts of respiration (52-54). Cu/Zn-SOD1 has been shown to be a 
virulence factor in mouse models for both C. albicans and C. neoformans infection and is 
also important for fungal survival in macrophages (55-57).The requirement for 
intracellular SODs during infection may reflect the protonation and subsequent membrane 
permeability of host-derived O2.-, or changes in fungal production of metabolic O2.- to 
accommodate life within the host.  It is also possible that the intracellular SODs shuttle to 






SOD1(58).  Lastly, intracellular SODs may participate in cell signaling pathways that 
involve ROS and drive pathogenesis.   
 Since SOD enzymes are metalloproteins, microbes must adapt to changes in host 
metals to maintain SOD activity. The S. aureus bacterium adapts to low Mn availability by 
substituting Fe as a cofactor for Mn-SOD enzymes(38) and a similar process of metal 
cofactor swapping has been described for the cytosolic SODs of certain fungal 
pathogens. Specifically, C. albicans and closely related fungi express a rare form of Mn-
SOD (SOD3) that resides in the cytosol, the same location as Cu/Zn-SOD1. C. albicans 
will switch from expressing Cu/Zn-SOD1 to cytosolic Mn-SOD3 when Cu is low, a 
condition that occurs in the kidney during fungal infection (59,60). This adaptation allows 
C. albicans to maintain cytosolic SOD activity even in times of Cu depletion(59,60). The 
arthropod fungal pathogen B. bassiana also contains dual cytosolic Mn and Cu/Zn-
containing SODs and, moreover, expresses a pair of mitochondrial matrix SODs that use 
either Mn or Fe as a cofactor. Mitochondrial Fe-SODs are extremely rare among fungi 
and B. bassiana may alternate between Fe and Mn SODs to accommodate changes in 
availability of these metals. All five of the B. bassiana SODs are important for virulence, 
including the extracellular Cu-only and the four intracellular Cu/Zn-, Mn- and Fe-
SODs(54,61,62). This large repertoire of SOD enzymes with varying metal cofactors may 










Extracellular Fungal SODs 
 Fungi produce an unusual form of extracellular SOD that is Cu-only and does not 
require Zn(63).  These SODs can be either attached to the cell wall through GPI-anchors 
or secreted(64,65).  Interestingly, Cu-only SODs are the only type of extracellular SOD in 
the fungal kingdom and there have been no reports of Cu/Zn-, Mn-, or Fe-containing 
SODs secreted from any fungal species(63). Cu-only extracellular SODs are widespread 
among fungal pathogens and in fungal-like oomycetes species (63,66,67). The fungal 
SODs are missing two histidine residues necessary to coordinate zinc in the active site, 
and additionally lack protein sequences spanning a structure known as the electrostatic 
loop (ESL), which in Cu/Zn SODs helps channel the O2.- substrate and stabilize metal 
binding to the enzyme(68) (66,67). Because they lack an ESL covering the active site, 
the Cu site of fungal Cu-only SODs is uniquely solvent exposed. C. albicans SOD5 is the 
first member in this class to be characterized structurally by X-ray crystallography. In 
Chapter 3 of this thesis, we report initial structural investigations of two isoforms of Cu-
only SODs in C. albicans, SOD4 and SOD5, using solution based NMR methods. 
Despite structural deviations from Cu/Zn-SODs, Cu-only SOD5 from C. albicans is 
a highly active enzyme with rates of O2.- disproportionation that reach diffusion limits (1.8 
× 109 M−1 s−1) (66,67). Whether or not other Cu-only SODs share these kinetic properties 
is unknown and biochemical studies on another Cu-only SOD, C. albicans SOD4, will be 
addressed in Chapter 2. 
Another distinguishing feature of fungal Cu-only SODs is their mode of enzyme 
activation through Cu-insertion.   In animals, the extracellular SOD is a Cu/Zn-SOD that 






fully active state (69,70).  By comparison, the fungal Cu-only SODs can be loaded with 
Cu outside of the cell (67). During infection, the host can attack pathogens with high 
concentrations of Cu and the microbe may, in turn, use this host Cu to charge its 
extracellular SODs to defend against O2.-  produced by the host  (71-74).  Since Cu-only 
SODs have no requirement for Zn, their activity is not impacted by Zn bioavailability, which 
can vary greatly within the host during infection (75-78). 
  Extracellular Cu-only SODs have been shown to be virulence factors for 
pathogenic fungi. The best studied are those in the opportunistic fungal pathogen, 
Candida albicans.  C. albicans encodes three extracellular Cu-only SOD enzymes 
(SOD4, SOD5, and SOD6). During host invasion, SOD4 and SOD5 are both abundantly 
expressed, suggesting they play important roles in eliminating O2.- produced at sites of 
infection (79-82). SOD5 has been shown to be a virulence factor for C. albicans in a 
systemic model of infection, a rat catheter model of biofilm formation and is important for 
fungal survival against the oxidative attack of macrophages and neutrophils (83-86). Why 
C. albicans encodes three different extracellular Cu-SOD enzymes is currently not 
understood, but each SOD may function in distinct host niches. In addition to C. albicans, 
the pulmonary fungal pathogen Histoplasma capsulatum expresses a single Cu-only 
SOD3 that has been shown to be important for fungal survival against the O2.- attack of 
macrophages and for virulence in a mouse model of lung infection(64,87). Cu-only SODs 
are also important for virulence of the pulmonary fungal pathogen Paracocidiodes 
brasiliensis(88) and of the arthropod fungal pathogen Beauveria bassiana(61) that can 
cause keratitis in humans (89,90). It is important to note that not all fungal pathogens 






pulmonary and central nervous system pathogen. Interestingly, the largely cytosolic 
Cu/Zn-SOD1 of C. neoformans can be enriched in lipid rafts and may shuttle to the cell 
surface to deal with host-derived ROS (58).   
 O2 .- produced by host cells may not be the only substrate for fungal extracellular 
SODs. Recent studies have shown that C. albicans produces a burst of extracellular O2.- 
by a fungal NOX enzyme (FRE8) during morphogenesis and that this O2.- serves as a 
substrate for extracellular Cu-only SOD5. The diffusible H2O2 product generated by SOD5 
then acts as a signal to modulate morphogenesis through a mechanism that is currently 
not known (91). In fact, SOD5 is specifically induced during the fungal oxidative burst, 
indicating that SOD5 may have evolved to deal with fungal-derived ROS (84). Overall, 
the role of Cu-only SODs at the host-pathogen interface is complex:  these SODs can 
both protect the fungus from host-derived O2.- as well as function in fungal signaling 
pathways involving ROS (Figure 1-2). We further explore this concept in another 
pathogenic Candida spp., Candida tropicalis in Chapter 2.  In any case, these SODs are 
important for fungal virulence and based on the biophysical properties that distinguish 
them from the Cu/Zn SOD of humans, this unique class of SODs represent a possible 
therapeutic target for treating fungal infections(86). 
 The model organism in our laboratory in the opportunistic fungal pathogen, 
Candida albicans. As mentioned above, C. albicans has a repertoire of SOD enzymes 
including three extracellular SODs belonging to a new class of enzymes only found in 
fungi (SOD4, SOD5, SOD6). The role of SOD4 in C. albicans is not well established and 
the basis of this thesis is the understanding for the multiplicity in extracellular SOD 






Public Health of Candida albicans 
Candida albicans inhabits the skin and GI tract of most healthy individuals(92-94). 
However, C. albicans can cause infections during dysbiosis or weakened immunity. C. 
albicans can cause superficial infections of the skin, oral cavity and vaginal mucosa that 
are a major cause of morbidity(95). Candida albicans is also known to cause invasive 
infections that can be life threatening. The most common cause of systemic infections by 
Candida spp. is candidemia, or the presence of Candida in the bloodstream. Candida 
spp. represent one of the most common causes of bloodstream infections in the United 
States(96). These infections can have high mortality rates, and depending on the 
healthcare system under study, recent reports have described crude mortaility rates up 
to 70%(97-99). This can be caused by disseminated candidiasis or Candida entry from a 
medical device such as a catheter where they can form immune and drug resistant 
biofilms that acts as a seed for the infection(100). The incidence of candidemia caused 
by non-albicans Candida spp. has also increased in recent years.(101,102)  
Risk factors for invasive infections 
Disseminated candidiasis occurs in individuals who are immunocompromised 
such as individuals receiving high doses of steroids during organ transplantation, those 
undergoing chemotherapy, or individuals who have immune systems disorders such as 
HIV/AIDS. GI surgery is also a risk factor for disseminated infection given the 
aforementioned colonization of Candida in the GI tract of a majority of healthy individuals. 
Prolonged antibiotic use resulting in microbial dysbiosis is also a known risk factor for 
disseminated infection. Due to the ongoing opioid epidemic, intravenous drug use has 






importance of neutrophils in controlling Candida infection, a major risk factor for chronic 
disseminated candidiasis is neutropenia such as occurs in individuals with blood cancers, 
recent chemotherapy or radiation treatment, or other causes of bone marrow damage. In 
these patients, Candida is able to invade the bloodstream from the gastrointestinal tract 
and can cause invasive disease(105).  Overall, in addition to the morbidity and mortality 
associated with infections due to Candida spp., they currently represent the highest 
healthcare associated cost in the United States for any fungal disease with costs 
estimated to be 3 billion USD annually(106).  
Overview of Thesis Research 
This thesis is aimed at understanding the role of Cu-only SOD4 of C. albicans in 
comparison to the highly homologous C. albicans SOD5. Chapter 2 focuses on the 
biochemistry and cellular regulation of SOD4 in Candida albicans and related species. 
We found that SOD4 is a highly efficient SOD enzyme with biochemical properties similar 
to that of SOD5.  In addition we found that SOD4 is regulated transcriptionally by Fe 
restriction and this regulation was observed in all Candida species that we studied. In 
Chapter 3 we explore the biophysical properties of SOD4 by NMR and this work will 
support future NMR based assays and structural investigations. Lastly, Chapter 4 
investigates the role of SOD4 in rodent infections models. We found that SOD4 was not 
necessary for full virulence in neither a lateral tail vein infection model of disseminated 
candidiasis nor a rat central venous catheter model and it may be that SOD4 is necessary 








Figure 1-1. Superoxide is central to the production of highly reactive oxygen and 











Figure 1-2. Fungal Cu-only SODs can react with O2.- from both the host and the 
fungus 
 
The extracellular Cu-only SODs of fungi (green) are linked to the fungal cell wall through 
GPI anchors or are secreted. These SODs are known to remove O2.- from the host NOX 
enzyme (hNOX, blue) of immune cells including macrophages and neutrophils. In 
addition, studies with C. albicans have shown that Cu-only SODs can remove O2.- from 
fungal NOX enzymes (fNOX, red) and the concomitant production of H2O2 can promote 





























Extracellular superoxide dismutase enzymes for 
morphogenesis and iron starvation stress in Candida fungal 
species 
 
This chapter in its entirety has been submitted for publication. 
Mieraf Teka assisted in the analysis of C. auris SOD4 secreted from C. albicans 
(Figure 2-10A) and SOD5 western (Figure 2-4 Right); Bixi He contributed hyphal 
regulation data (Figure 2-5A); the pulse radiolysis 
studies were conducted under the guidance of Dr. Diane E. Cabelli at 











Superoxide dismutase (SOD) enzymes catalyze the dismutation of superoxide anion 
free radical into hydrogen peroxide and molecular oxygen, and thereby play a key role in 
detoxification and metabolism of reactive oxygen species (ROS). These enzymes can 
either be intracellular or extracellular, and have evolved to utilize different metal cofactors 
(31). SOD enzymes can participate in signaling pathways involving ROS and also protect 
cells from superoxide toxicity (31). Intracellular SODs in particular prevent superoxide 
damage to Fe-S cluster containing enzymes (107). Extracellular SODs can also guard 
against superoxide toxicity, a prime example being the extracellular SODs of microbial 
pathogens thwarting the oxidative attack of host immunity (108).  However, the targets of 
superoxide damage with extracellular SODs are poorly understood, as Fe-S cluster 
enzymes are generally not considered to be extracellular. 
 We recently identified a new class of extracellular SODs, namely eukaryotic Cu-only 
SODs that are unique to fungi and fungal-like oomycetes (63,66,67). Cu-only SODs are 
closely related to the ubiquitous family of Cu/Zn SODs, but are missing a Zn co-factor 
and electrostatic loop (ESL) sequences of Cu/Zn SOD (67) believed to act in substrate 
guidance (109-111). Unlike Cu/Zn SODs, which are both intra- and extracellular, Cu-only 
SODs are exclusively extracellular and seem to be largely attached to the cell surface 
through GPI anchors (65,85). Bioinformatic analysis indicates that Cu-only SODs are the 
only extracellular SODs of the fungal kingdom and are present in fungal pathogens and 
non-pathogens across different phyla (66). 
With several fungal pathogens including Candida albicans (83-85), Paracoccidioides 






have been shown to protect the microbe against the oxidative burst of the host immune 
response. Currently, much of what we know on the biology of Cu-only SODs has emerged 
from studies on SOD5 of the opportunistic human fungal pathogen, C. albicans. C. 
albicans can cause life threatening infections in immunocompromised individuals, and is 
polymorphic, i.e., able to form multiple morphological phenotypes. The formation of 
extended hyphae is important for tissue invasion and C. albicans SOD5 is specifically 
induced in hyphae (84,91,112). Such induction of SOD5 serves to react with a burst of 
superoxide generated from a hyphal specific NADPH-oxidase, FRE8. Together the action 
of FRE8 and SOD5 generate hydrogen peroxide that serves as a signaling molecule for 
morphogenesis (91). It is possible that Cu-only SODs act in ROS signaling of other fungi 
(91,113-115). 
Our current understanding on the biophysics and biochemistry of Cu-only SODs has 
also come primarily from studies on C. albicans SOD5. Like Cu/Zn SODs, Cu-only SOD5 
reacts with superoxide at rates that approach diffusion limits, but activity of the Cu-only 
SOD is inhibited at alkaline pH, presumably due to the lack of Zn binding (67,116). Unlike 
dimeric or tetrameric Cu/Zn SOD enzymes, SOD5 is a monomer (67) and its Cu site is 
more accessible to bulk solvent (67) due to lack of ESL sequences.  Compared to Cu/Zn 
SODs, SOD5 binds Cu with a weak binding constant and is more susceptible to metal 
loss by chelators, making it a potential attractive target for inhibition by metal binding 
agents (86).  It is not clear whether any of these unique properties of Cu-only SOD5 can 
be extended to other members of the Cu-only SOD family. 
C. albicans has a total of three Cu-only SODs and of these, SOD4 is most closely 






lysine (67). Mutations in sod4 have been shown to be additive with sod5 mutations in 
increasing fungal susceptibility to macrophage killing (83), but to date, there has been no 
characterization of the SOD4 protein itself.  It is unclear whether SOD4 is an actual SOD 
enzyme, or perhaps a SOD-like protein that functions in another capacity, e.g., a SOD-
like Cu chaperone (117-120). The biochemical activity of SOD4 is totally unknown, and 
why C. albicans would retain a second SOD5-like molecule is unclear.   
Here, we describe biochemical, biophysical and cell biological properties of C. 
albicans SOD4 in comparison to SOD5.  Although predicted to have distinctive surface 
charges, we demonstrate that the two proteins are highly similar. SOD4 is a bona fide 
SOD enzyme with enzyme kinetic and Cu-binding properties that closely mirror SOD5.  In 
C. albicans cells, the two SODs partition similarly between the cell wall, membrane and 
extracellular milieu. In contrast to the similarities in the proteins themselves, we show that 
the environmental cues eliciting transcriptional upregulation of these proteins differ 
significantly. Unlike SOD5 which is specifically upregulated in the context of hyphal 
formation, SOD4 transcripts are significantly and specifically upregulated in cells deprived 
of Fe. This Fe-regulation of Cu-only SOD expression is not unique to C. albicans, as we 
also observed upregulation of Cu-only SOD transcripts in other Candida species including 
the emerging fungal pathogen Candida auris. The rationale for expressing Cu-only SODs 
for both morphogenesis and Fe starvation conditions is discussed. 
Experimental Procedures 
Plasmids, strains and growth conditions  
Primers used for plasmid engineering are listed in Table 2-2. The pSS001 plasmid 






expressing C. albicans SOD5. The expression backbone vector was derived from 
pAG10H-SOD5 (67), by removing SOD5 coding sequences and linearizing the vector by 
PCR using primers ORP246R and ORP245F. SOD4 sequences +79 to +543 with respect 
to the translational start site (encoding SOD4 amino acids 27-181) were amplified using 
primers OSS01SOD4R and OSS02SOD4F with 15 and 18 base pairs of flanking 
homology to the aforementioned vector. The amplified sequence was then inserted into 
the expression backbone vector using the Gibson Assembly Master Mix (New England 
Biolabs). The pPOJG01 and pMT101 plasmids designed to express and secrete C. 
albicans SOD4 and C. auris SOD4 in C. albicans were created similarly to that of C. 
albicans SOD5 using plasmid CaEXP whereby SODs are expressed under the MET3 
methionine repressible promoter (67). Sequences encoding residues 1-170 (missing the 
site for GPI anchorage) of C. albicans SOD4 was amplified from SC5314 genomic DNA 
and inserted into BamHI and PstI sites of CaEXP. For C. auris SOD4, sequences 
encoding amino acids 1-173 (missing predicted sequences for GPI anchorage) were 
introduced in CaEXP by Gibson assembly using primers OMT01 and OMT02. 
All C. albicans strains used in this study were derived from clinical isolate SC5314 
or KC2  (ura3Δ::imm434/ura3Δ::imm434) (121). Strains containing homozygous deletions 
in SOD4 and SOD5 as well as strains expressing SOD5 under the SOD4 promoter were 
generated using the Cas9 system optimized for use in C. albicans (122) and 
oligonucleotides listed in Table 2-3. sod5∆/∆ and sod4∆/∆  homozygous null mutations 
were generated using 49 bp segments of donor DNA containing 49 bp homology to the 
upstream or downstream flanking regions of the gene; guide RNAs directed against either 






and sod4∆/∆ and the double sod4∆/∆ sod5∆/∆ null mutations were introduced into 
SC5314, generating strains SS100, SS101 and SS102 respectively.  In order to place 
SOD5 coding sequences under control of the SOD4 promoter, a large donor sequence 
encompassing residues -242 to -1 of SOD4 upstream and +700 to +941 SOD4 
downstream sequences flanking SOD5 coding sequences +1 to +687 was used.  This 
SOD4 promoter-SOD5 fusion was introduced in both the sod4∆/∆ SS101 and sod4∆/∆ 
sod5∆/∆ SS102 strains using an Add-TAG gDNA specific to the sod4∆/∆ deletion, 
generating strains SS103 and SS104 respectively. Strains engineered to secrete 
recombinant C. albicans SOD4 and C. auris SOD4 were generated using plasmids 
pPOJG01 and pMT001 introduced into the RP10 locus of C. albicans strain KC2 as 
precisely described for SOD5 (66).  The SN152 and isogenic sef1∆/∆ null strain have 
been previously published (123) and were obtained from the Fungal Genetics Stock 
Center. All C. albicans strains generated here were verified by PCR and/or gene 
sequencing.  Candida tropicalis (Castellani) Berkhout 750 strain was purchased from 
ATCC.  Two isolates of C. auris were kind gifts of Sean Zhang and correspond to 
previously published isolates 2 and 6 from the Center of Disease Control (124).  
All three yeast species (C. albicans, C. tropicalis and C. auris) were maintained by 
growth at 30oC in a 1% yeast extract, 2% peptone based medium with 2% glucose (YPD). 
To achieve Fe starvation conditions, YPD medium was supplemented with 150 µM 
bathophenanthrolinedisulfonic acid (BPS) and cells grown overnight to mid log phase, 
typically OD600 1.0 – 2.0.  In the case of C. albicans, elongated hyphae were obtained by 
growth in Iscove's Modified Dulbecco's Media (IMDM) as described (91). Cells were first 






into pre-warmed IMDM medium at a starting OD600 of 0.1.  Hyphae were allowed to form 
for 2 -16 hrs at 37oC as indicated. IMDM is not supplemented with additional Fe and the 
amount of Fe in various lots of this commercial media can vary between ≈25 nM to ≈100 
nM, the former of which can induce an Fe starvation state in C. albicans. For C. albicans 
cells expressing and secreting C. albicans SOD4 and C. auris SOD4, a synthetic 
complete media based on yeast nitrogen base and missing methionine and cysteine (SC-
Cys-Met) was used as described (66,67). For C. tropicalis, elongated hyphae or short 
germ tube formation was obtained by growth in serum or IMDM, respectively. Cells were 
first grown in YPD to OD600 of ≈20, then starved in H2O at 30oC for 30 min. For serum 
induction of hyphae, starved cells were incubated at 37oC in 50% fetal bovine serum 
(F6178 from Sigma) 50% H2O for 4 hours.  For IMDM induction of germ tubes, cells were 
incubated for 3 hrs in IMDM under Fe replete conditions. All fungal cells were 
photographed using dark field microscopy using a Nikon Infinity 1 microscope at 40x 
magnification.   
 
Purification and biochemical analysis of recombinant SOD4 and SOD5 expressed in E. 
coli 
Expression, purification and Cu reconstitution of recombinant C. albicans SOD4 
and SOD5 was accomplished essentially according to published methods (66,67). The 
proteins containing an N-terminal 10X His Tag and intervening TEV protease cleavage 
site were isolated from E. coli inclusion bodies, refolded in a Tris/glutathione redox buffer 
at pH 8.0, subjected to nickel affinity chromatography and removal of the His tag by TEV 






(66,67).  Purification of recombinant SOD4 and SOD5 followed identical procedures 
except during the final anion exchange step, where the bound fraction rather than the 
flow-through was collected in the case of SOD4 (Figure 2-1A).  
 Reconstitution of SOD4 and SOD5 with Cu and subsequent removal of unbound 
Cu involved a series of dialysis steps against 4 L of buffer at 4oC similar to published 
procedures (66,67). While SOD5 reconstitutes with ≈1 equivalent of Cu per mole protein 
by dialysis in acetate buffer pH 5.5 (66), SOD4 bound 2-3 Cu equivalents at this pH, which 
was determined using an extinction coefficient of 13075 M-1cm-1 for SOD4 protein and Cu 
measured by atomic absorption spectrophotometry (AAS) on an AAnalyst600 graphite 
furnace atomic absorption spectrometer.  When the dialysis steps for Cu reconstitution 
and Cu removal were carried out in 25 mM Bis-Tris pH 6.9, SOD4 protein preparations 
containing 1.6 Cu equivalents were obtained and this preparation was examined by pulse 
radiolysis analysis of SOD enzymatic activity.  The studies show that rates of SOD4 
enzyme catalysis do not change with increasing amounts of extra Cu equivalents (Figure 
2-2C).  The additional Cu appears to represent loosely bound non-catalytic Cu and this 
additional Cu can be removed upon extensive dialysis at pH 8.0 in 10 mM Tris. SOD4 
bound to ≈1.0 Cu equivalent obtained by dialysis at pH 8.0 was used for WST-1 assays 
for enzyme activity, Cu binding stability constants and analytical ultracentrifugation 
experiments.   
 
Biochemical analyses of recombinant SOD4 and SOD5 from E. coli  
Analytical ultracentrifugation (AUC) experiments were carried out essentially as 






Samples contained 0.75 mg/ml of recombinant SOD4 or SOD5 or of an equal mixture of 
the two in 25 mM Bis-Tris pH 6.9.  Measurements were obtained using interference optics 
with a laser wavelength of 655 nm.  
Cu binding stability measurements on Cu bound SOD4 were carried out by 
equilibrium dialysis against EDTA, glycine and 4-(2-pyridylazo)resorcinol (PAR) 
essentially as described (86). 10 µM Cu-SOD4 in a buffer of 25 mM KPO4 pH 8.0, was 
subject to dialysis using a minidialysis device (Thermo Fisher Scientific, 88401) against 
1 mM EDTA, 1 mM glycine, 0.25 mM PAR or against buffer alone at 25oC as described 
(86).  At indicated time points up to 72 hrs, 10 µL aliquots of the SOD containing solution 
were analyzed for Cu by AAS.   Calculations of stability constants for Cu binding to SOD4 
were obtained from results of dialysis against glycine and PAR using equations previously 
described for SOD5 (86). 
Pulse radiolysis experiments were performed at Brookhaven National Laboratory 
using the 2 MeV Van de Graaff accelerator as previously published (66,67). Pulses lasting 
from 100 ns to 1.6 μs allowed generation of 1.8-26 µM superoxide anion, and the rates 
were determined from an average of 4 or more measurements. Unless indicated 
otherwise, SOD4 and SOD5 were used at 1- 2.6 µM.  The decay of superoxide anion was 
monitored spectrophotometrically at 260 nm, and in the presence of SOD4 or SOD5, the 
time-dependent absorption profiles were fit to a first-order process using an in-house 
kinetic fitting program (PRWIN, Schwarz, H. BNL Pulse Radiolysis Program). Reactions 
were carried out using air-saturated solutions at room temperature (22°C) containing 20 
mM sodium formate, 20 mM potassium phosphate, 2.5 mM chelexed treated Tris, and 10 






H2SO4 (Ultrex). Total Cu concentrations were determined by AAS. The Cu concentrations 
reported here represent SOD4 or SOD5-bound Cu and not free Cu, as corrected by 
measuring the rate of superoxide decay in the presence and absence of EDTA as 
described previously (66,67). These short incubations with EDTA did not affect binding of 
catalytic Cu, as there was no loss in activity when comparing  rates with the first pulse 
and the last pulse. The effects of ionic strength on SOD4 activity was determined by 
plotting rate constants as a function of increasing concentrations of NaCl.  The log(kcalc) 
versus √[I] was plotted as previously done for SOD5 (67) and Cu/Zn SOD1 (125-127).  
Analysis of SOD enzyme activity by reduction of WST-1 (2-(4-iodophenyl)-3-(4-
nitrophenyl)-5-(2,4-disulfo-phenyl)-2H-tetrazolium, monosodium salt) was carried out 
essentially as described (86). Briefly, recombinant SOD4 and SOD5 in 50 mM KPO4 pH 
7.8 were assayed in triplicate 200 µL reactions in a 96-well plate format containing 0.1 
mM xanthine, 0.2 mM EDTA, 0.16 milliunits xanthine oxidase and 0.3 mM WST-1 
(Dojindo).  Following incubation at 37oC for 45 min, the SOD inhibition of WST-1 reduction 
by superoxide was measured by absorbance at 450 nm. 
 
Biochemical analyses of Candida cells in cultures 
For RNA analysis by qRT-PCR, 10 OD600 units of cells were washed twice with 
DEPC treated water, and RNA isolated using acid phenol/chloroform extraction (59).  
Cell pellets were resuspended in 400 µL buffer containing 50 mM NaOAc, pH 5.5, 10 
mM EDTA and 1% SDS. Samples were then extracted twice in phenol pH 4.5, once in 
chloroform, followed by ethanol precipitation.  Samples were then treated with DNAase 






(Thermoscientific).  cDNA was then diluted 1:10 in DEPC H2O and subjected to qRT-
PCR using iTaq Universal SYBR green Supermix (Bio-Rad) and values normalized to 
the respective TUB2 of the Candida species using the ∆CT method where CT is threshold 
cycle.  Primers used are described in Table 2-1. 
For fractionation of C. albicans into cell wall, secreted and membrane components, 
50 ml cultures were grown as described above for hyphal formation or yeast-form cells. 
Cells were pelleted and media collected as secreted fraction. The cell pellets were 
washed in 2 mM PMSF in water and divided in 5 equal samples normalized for cell 
number in the case of yeast-form cells.  Each sample was resuspended in 150 µL lysis 
buffer containing 50 mM Tris pH 7.4 with 1 mM PMSF and protease/phosphatase 
inhibitor cocktail (Cell Signaling Technology). Cells were then subjected to 
homogenization with 0.5 mm diameter Zirconia/silica beads (Research Products 
International) using three 1.5 cycles on a Beadblaster benchtop homogenizer 
(Benchmark).  The mixture was then centrifuged at 14,000 x g for 10 min at 4oC.  The 
pellet was washed in lysis buffer to generate the post-lysis cell pellet containing cell wall 
and membrane fractions.  In the case of cell wall preparations, the post-lysis cell pellet 
was resuspended in 150 µL lysis buffer containing 30 units/ml Arthrobacter luteus 
Lyticase (Millipore Sigma) and incubated 3 hrs at 30oC.  Following centrifugation at 
14,000 x g for 10 min at 4oC, the supernatant was collected and clarified by a second 
centrifugation.  The clarified supernatant contained GPI anchored proteins liberated from 
the cell wall and represented the cell wall fraction.  For membrane fractions, the post-
lysis cell pellet was resuspended in 150 µL lysis buffer containing 2% SDS; samples 






room temperature.  The clarified supernatant contains proteins liberated from 
membranes by SDS and represents the membrane fraction.  For the secreted fraction, 
the media was filtered through 0.2 micron filters and concentrated 100 fold using a 
10,000 Da molecular weight cut off filter.  60 µL of the secreted, and 30 µL of the cell 
wall and membrane fractions were deglycosylated in a 100 µL reaction using PNGase F 
according to manufacturers specifications (New England Biolabs), except reactions 
proceeded for 6 hrs at 37oC.  One third of the reaction was then subjected to immunoblot 
analysis for SOD4 and SOD5.   
Immunoblot analysis was carried out by SDS reducing gel electrophoresis on 4-
12% Bis-Tris acrylamide gels (Thermo Fisher) followed by transfer to PVDF membranes 
and incubation with either anti-SOD4 antibody at a 1:2500 dilution or anti-SOD5 at 
1:5000 followed by secondary goat anti-rabbit IgG Alexa Fluor 680 antibody at 1:10,000 
dilution (Thermofisher Scientific). Immunoblots were imaged using Odyssey software at 
700 nm channel. Anti-SOD4 polyclonal antibody was prepared using purified 
recombinant SOD4 from E. coli and a 90 day rabbit protocol from Cocalico.  Polyclonal 
anti-SOD5 antibody was as described (66).  
Fe levels in Candida species and in media were measured using inductively 
coupled plasma mass spectrometry (ICP-MS).  For cell analysis, 10 OD600 cell units were 
resuspended in 500 µL 20% nitric acid and digested overnight at 100oC.  The solution 
was then diluted in 1:10 in milliQ water to 2% nitric acid and analyzed by ICP-MS on a 
Agilent 7700X instrument.  Values are normalized to cell number. For measuring ROS 
production by C. tropicalis, a luminol chemiluminescence assay was used (91).  Cells 






Fe-replete IMDM media for 3 hours at 37oC. 100 µL of the cell solution was added in 
duplicates or triplicates in a 96 well plate format to 100 uL Hanks buffered saline solution 
also containing 0.2 mM luminol (Cayman chemicals) and 0.5 units/ml horseradish 
peroxidase. Samples were analyzed for luminol chemiluminescence using a BioTek 
Synergy HT plate reader for 1.5 hours at 37°C as described (91). Results were plotted 
according to relative luminescence units (RLU). 
To measure activity of SODs secreted from C. albicans the aforementioned KC2 
strains engineered to express and secrete recombinant SOD4 from C. albicans or C. 
auris, or KC2 transformed with empty CaEXP vector were seeded at an OD600 of 0.05 in 
SC-Cys-Met media and grown for 16 hours at 30oC. Cells were harvested and 
resuspended  in fresh SC-Cys-Met media buffered to either pH 3.3 or pH 7.5 with 60 
mM HEPES to test for pH dependence on Cu activation of the secreted enzyme, as was 
previously done for SOD5 (66). Following incubation for one hour at 30oC, cells were 
removed by centrifugation and the growth medium was concentrated by filtration (67). 
The concentrated growth media from the equivalent of 40 A600 units of C. albicans cells 
was applied to native gel electrophoresis, and activity of the native glycosylated SOD 
proteins was analyzed by nitro blue tetrazolium staining as previously described (66,67).  
 
Computer analyses 
Sequence alignments were generated using Clustal Omega (128). Coloring of 
alignment files was generated using the color align conservation tool:  
https://www.bioinformatics.org/sms2/color_align_cons.html  with a 60% identity cutoff 






surface charge maps were generated using MODELLER with the template PBD ID= 
4N3T. Electrostatics were calculated using PDBPQR using PROPKA to assign 
protonation states at pH 8.0 and generate an input file to be used on the APBS prediction 






Results and Discussion 
The biochemical and biophysical properties of recombinant SOD4 closely parallel SOD5 
In order to compare the biochemical and biophysical properties of C. albicans 
SOD4 and SOD5, recombinant proteins missing the N-terminal signal peptide and C-
terminal GPI anchor addition signal peptide were produced in an E. coli expression 
system. Homogeneous preparations of SOD4 and SOD5 were obtained using purification 
schemes that were identical except that SOD4 was seen to bind anion exchange resin 
under conditions where SOD5 did not (Figure 2-1A), suggestive of different surface 
charge. Indeed, using modeling programs, SOD4 is predicted to have a more negatively 
charged surface on one face of the protein (Figure 2-1B).  
 Cu-only SOD5 is a monomeric enzyme compared to dimeric or tetrameric Cu/Zn 
SOD of eukaryotes (67,129). Based on the differential surface charges of SOD4 versus 
SOD5 (Figure 2-1B) we tested whether SOD4 is also monomeric or could form higher 
order complexes. In analytical ultracentrifugation (AUC) studies (Figure 2-1C) SOD4 and 
SOD5 show similar sedimentation coefficient values of 1.9 S and 1.8 S, consistent with 
both proteins being monomeric.  Given their complementary surface charge profiles, we 
tested whether SOD4 and SOD5 could form heterodimers or higher order mixed 
complexes. However, as seen in Figure 2-1C bottom panel, the proteins retained their 
monomeric properties when combined in solution, and do not form stable complexes.   
To compare the catalytic efficiencies of SOD4 and SOD5, the proteins 
reconstituted with Cu were subjected to pulse radiolysis methods for kinetic 
measurements of SOD activity. SOD5 was previously shown to react rapidly with 






same is true for Cu-only SOD4. At pH 7.25, the calculated second order rate constant for 
SOD4 is 4.2 X 108 M-1 s-1, a rate that closely approximates that of SOD5 (Figure 2-2B,C 
and (66,67)). It is noteworthy that in addition to the single catalytic Cu ion in SOD4, 
additional Cu can associate with the recombinant protein when Cu reconstitution is 
carried out under acidic or near neutral pH conditions (see Experimental Procedures). 
However, this additional Cu does not appear to be catalytically active and there is no 
increase in SOD activities with a SOD4 preparation containing 2.0 moles Cu per mole 
SOD compared to a SOD4 preparation containing 1.6 Cu equivalents (Figure 2-2C). We 
have previously observed additional Cu equivalents (non-catalytic) associated with a 
mutant allele of SOD5 (66), and it is possible this additional Cu association is a 
consequence of in vitro Cu reconstitution of the recombinant proteins.  
Cu-only SOD5 is known to lose activity at pH ≥ 8.0 compared to bimetallic Cu/Zn 
SODs that have a much wider pH optimum due in part to the Zn co-factor (67,130). Like 
SOD5, SOD4 reactivity with superoxide is greatly diminished at alkaline pH (Figure 2-2C). 
We additionally tested the impact of ionic strength on SOD4 catalysis. With Cu/Zn SOD1 
and Cu-only SOD5, electrostatic interactions are believed to guide the superoxide 
substrate to the active site and as such, catalytic rates decrease with increasing ionic 
strength (67,125-127). SOD4 shares this feature - we observed that SOD4 catalysis is 
also inhibited by increasing ionic strength (Figure 2-2D), indicative of substrate guidance 
to the active site. Altogether, these pulse radiolysis studies demonstrate no significant 
difference in the SOD activity of the two C. albicans Cu-only SODs. Both are capable of 
the disproportionating superoxide over acidic to neutral pH conditions with rates that 






We previously reported that C. albicans SOD5 binds Cu with a lower affinity 
compared to Cu/Zn SOD1 and is sensitive to wide array of metal chelators (86).  We 
tested whether the same was true for SOD4.  To focus solely on Cu bound to the active 
site of SOD4, we removed the more loosely associated extra Cu equivalents by prolonged 
dialysis at alkaline pH, to achieve SOD4 with roughly 1:1 Cu binding stoichiometry and 
activity that parallels SOD5 with a similar Cu binding stoichiometry (Figure 2-3A). As seen 
in Figure 2-3B, this SOD4 was susceptible to loss of its Cu co-factor in the presence of 
excess EDTA and exhibits a half life of Cu binding under these conditions (6 hrs) that 
closely parallels SOD5 (86). By comparison, Cu/Zn SODs stably bind Cu >24 hrs under 
the same conditions (86,130,131). The stability constants for SOD4 binding to Cu were 
determined through equilibrium dialysis in the presence of 4-(2-Pyridylazo) resorcinol 
(PAR) and glycine, and were found to be log K ≈14-15, closely approximating published 
values for SOD5 (86) (Figure 2-3C). Since we added EDTA in the pulse radiolysis 
experiments, we controlled for this by comparing the rates for the first pulse and the last 
pulse to ensure that activity was not lost during the time of the experiment. Collectively, 
our studies with recombinant proteins show C. albicans SOD4 and SOD5 as highly similar 
SOD enzymes. Both are monomeric SODs with similar catalytic efficiencies and Cu-
binding properties.  
 
The differential expression of SOD4 versus SOD5 in Candida albicans 
Although the recombinant enzymes are highly comparable, it was important to 
examine SOD4 and SOD5 in their native fungal organism. As mentioned above, SOD5 is 






extracellular superoxide produced by the FRE8 NOX of this yeast (84,91,132,133). 
Accordingly, we observed an approximately 30-fold increase in SOD5 and FRE8 
transcript levels under hyphal inducing conditions. Notably, under these same conditions, 
SOD4 transcript levels were induced by no more than 2-fold (Figure 2-4A).  
Under what conditions is SOD4 transcriptionally induced? In previous proteomic 
studies, SOD4, but not SOD5 protein levels were seen to increase in mixed population of 
C. albicans yeast-form and hyphal cells under Fe starvation conditions (134).  However, 
it is unclear as to whether SOD4 mRNA is induced by Fe starvation, as reports have been 
conflicting (135,136). To investigate the possible regulation of SOD4 expression by Fe 
limitation, we comparatively examined SOD4 and SOD5 expression at both the RNA and 
protein level in C. albicans starved for Fe by growth in the presence of the Fe chelator, 
bathophenanthrolinedisulfonic acid (BPS). Using a concentration of BPS that reduces 
intracellular Fe by nearly 10 fold (Figure 2-5B), we found that SOD4 mRNA is dramatically 
upregulated over 100-fold by Fe restriction (Figure 2-5C).  SOD4 is induced by Fe 
starvation in both yeast-form (Figure 2-5C) and hyphal cells (see ahead Figure 5A,B) 
along with other genes known to be upregulated by Fe restriction, including RBT5 
encoding the heme receptor (Figure 2-5C). Compared to the dramatic >100 fold induction 
of SOD4 by Fe starvation, SOD5 mRNA was induced 5 to 6-fold under the same 
conditions (Figure 2-5C), possibly due to a fraction of cells induced to form hyphae by Fe 
starvation stress(137). Our findings that SOD4 transcription is regulated by Fe limitation, 
are consistent with earlier microarray studies by Chen et al., (135), and Sigle et al., (138) 
but are at odds with recent studies by Chakravarti, showing no induction of SOD4 in WT 






Chakravarti and colleagues was not sufficiently sensitive to detect SOD4 mRNA in WT 
strains, under either Fe starved or Fe replete conditions. 
We have previously shown that the induction of SOD5 mRNA in hyphal cells is 
mediated by the EFG1 and CPH1 transcription factors (91), and we sought to understand 
the regulation of SOD4 transcription by Fe. C. albicans adapts to changes in Fe status 
via a network of Fe responsive transcription factors (139), one of which, SEF1, is essential 
for virulence and responsible for activating genes for Fe acquisition and Fe homeostasis 
during Fe starvation conditions (135).  A putative SEF1 binding site was previously 
identified in sequences upstream of C. albicans SOD4 through ChIP-seq (135), and as 
seen in Figure 2-5D, SOD4 transcriptional induction by Fe starvation is eliminated in a 
sef1∆/∆ mutant.  Thus, SOD4 is part of the SEF1 regulon for the Fe starvation response 
of C. albicans.  
While SOD5 and SOD4 are clearly differentially expressed at the level of mRNA, 
it was important to confirm this at the protein level. Using β1,3 glucanase (Lyticase) to 
release cell wall GPI anchor proteins, we identified SOD4 and SOD5 proteins in cell wall 
fractions by immunoblot using an anti-SOD4 antibody that cross reacts with both proteins 
(Figure 2-4).  Using WT and sod4∆ and sod5∆ mutant strains (Fig 2-6E), we show that 
SOD5 but not SOD4 protein, is abundantly present in cell walls from hyphal cells (Figure 
2-5E top), while only SOD4 protein is detected in Fe-starved yeast-form cells (Figure 2-
5E bottom).  
Altogether, these expression studies demonstrate that in spite of virtually identical 
biochemical properties, SOD4 and SOD5 have evolved to operate under distinct cellular 






ROS, while SOD4 is strongly induced under Fe-starvation conditions irrespective of cell 
morphology. 
 
Partitioning of SOD4 and SOD5 in the cell wall and membrane 
Given that SOD4 and SOD5 are differentially expressed in C. albicans, we 
addressed whether their localization might also diverge. GPI anchored proteins in C. 
albicans can be in the cell wall, secreted or attached to membranes (65,140). All three 
locations may be relevant to the Cu-only SODs, as their superoxide substrate can come 
from exogenous sources, i.e., host immune cell NOX (64,83,141), or can be derived from 
the fungus itself through FRE8 NOX (91).  
 To compare SOD4 and SOD5 localization, cells were grown under conditions 
where both proteins were expressed (Fe-starved hyphal cells), and cell fractions analyzed 
using the aforementioned SOD4 antibody as well as an anti-SOD5 antibody that shows 
strong specificity for SOD5 (Figure 2-4).  In addition to abundant cell wall localization 
(Figure 2-6A, lanes 5-8), both SODs are secreted into the growth medium (lanes 1-4), 
consistent with previous proteomic studies of the fungal cell wall and secretome (142-
147). Moreover, we observe a certain fraction of SOD4 and SOD5 localizing to 
membranes (Figure 2-6B lanes 5-8). Such membrane localization may be expected for 
hyphal cells that produce superoxide from membrane FRE8 (67), but is the same true for 
yeast-form cells that do not express FRE8?  To address this, we engineered yeast-form 
cells to express SOD5 by placing the gene under control of the SOD4 promoter. Upon 
Fe-starvation, these yeast-form cells abundantly express SOD5 in the cell wall (Figure 2-






bottom).  Membrane association is also observed with the endogenous SOD4 of Fe-
starved yeast-form cells (Figure 2-6D bottom).  
SODs are typically in close proximity to sites of superoxide generation, and we 
therefore predicted a prominent membrane localization for SOD5 in hyphae that express 
membrane FRE8. Instead, our studies show that SOD5 is more prominent in the cell wall 
of hyphae compared to membranes (Fig 2-6B top), and the same is true of yeast-form 
cells (Figure 2-6C). It is important to note that FRE8 superoxide is confined to a very small 
component of hyphae, namely the hyphal tip (91).  Therefore, only a small fraction of total 
SOD5 (or SOD4 with Fe-starved hyphae) may be relevant to dismutation of FRE8 derived 
superoxide.  
How might SOD5 and SOD4 partition between the cell wall, membrane and 
secreted fractions? All three Cu-only SODs of C. albicans contain the C-terminal 
serine/threonine rich domain for cell wall localization of GPI anchor proteins (148), but 
lack the dibasic residues immediately before the omega site that can signal plasma 
membrane localization (149,150). Even so, there have been examples of GPI proteins in 
Candida that do not adhere to these rules for plasma membrane association such as 
RBT5 and DFG5 (151,152).  Additionally, since GPI anchored cell wall proteins transiently 
reside at the plasma membrane during maturation, it is possible that a fraction of 
membrane-bound SOD4 and SOD5 represent the protein en route to the cell wall.  
Regarding the secreted fraction, it is interesting to note that SOD5 and to a lesser degree 
SOD4 have been identified in vesicles secreted from biofilms of C. albicans (153); thus 
some of the secreted fraction we observe may derive from vesicles.  Additionally, GPI 






may also contribute to the secreted fraction.  Regardless, the ability to secrete Cu-only 
SODs may be an important strategy for C. albicans to counteract the superoxide burst of 
host immune cells.   
 
Dual regulated Cu-only SODs in other Candida species 
 C. albicans has evolved to express virtually identical Cu-only SODs under 
disparate growth conditions of morphogenesis and Fe starvation. Is this true of other 
fungal species?  Like C. albicans, the closely related Candida dubliniensis has three Cu-
only SODs (SOD4, SOD5, SOD6) with 85-95% identity to their corresponding SODs in 
C. albicans (Figure 2-7).  However, other Candida species such as Candida tropicalis and 
Candida auris have only two Cu-only SOD candidates: a single SOD similar to C. albicans 
SOD4 and SOD5 (denoted here as CtSOD4 and CauSOD4) and a larger SOD6-like SOD, 
denoted here as CtSOD6 and CauSOD6.    
As with C. albicans, C. tropicalis is a diploid opportunistic fungal pathogen that 
exists in yeast-form, hyphal and pseudohyphal states (155,156). Yeast-form C. tropicalis 
can be starved of Fe by growth in the presence of BPS (Figure 2-8A) and under these 
conditions CtSOD4 but not CtSOD6 is induced (Figure 2-8B). As such, CtSOD4 appears 
analogous to Fe-regulated SOD4 of C. albicans (Figure 2-5C).  To test which if any of the 
two Cu-only SODs is induced during C. tropicalis morphogenesis, cells were stimulated 
to produce elongated hyphae by growth in 50% serum (Figure 2-8C). Under these 
conditions CtSOD4 is induced, but not CtSOD6 (Figure 2-8D).  Since CtSOD4 is induced 
in hyphal cells, we tested whether C. tropicalis makes ROS during morphogenesis using 






induce elongated hyphae in Figure 2-8C,D caused interference in the chemiluminescence 
assay; therefore we utilized serum free IMDM medium to stimulate morphogenesis. With 
IMDM, C. tropicalis forms germ tubes or short hyphae (Figure 2-9A), and the induction of 
CtSOD4 was not as prominent as seen with elongated hyphae in serum (compare Figure 
2-9B and 2-9D). Nevertheless, a burst of ROS could be seen with cells undergoing 
morphogenesis in IMDM but not in yeast-form cells (Figure 2-9C). This ROS was 
eliminated by the DPI inhibitor of NOX enzymes (Figure 2-9D), suggesting that like C. 
albicans, C. tropicalis generates ROS during morphogenesis through a fungal NOX. 
It is interesting that C. tropicalis induces the same Cu-only SOD under Fe 
starvation and morphogenesis conditions, while C. albicans uses separate Cu-only SODs 
for these two states. C. albicans SOD4 and SOD5 are virtually indistinguishable in terms 
of catalytic activities, Cu co-factor binding properties and cellular localization (Figs. 2-2, 
2-3 and 2-6), but they diverge in surface charges outside the active site (Figure 2-1B). C. 
albicans SOD4 and SOD5 may therefore be tailored to interact with different molecules 
under their cognate Fe starvation and hyphal morphogenesis conditions.  C. tropicalis 
SOD4 shares ≈60% identity with C. albicans SOD4 and SOD5 (Figure 2-7), and the 
predicted surface charges cannot be matched with either of the two C. albicans SODs.  
The unique attributes of the C. tropicalis SOD4 polypeptide may bestow the SOD with the 
capacity to operate under both Fe starvation and morphogenesis conditions.    
C. auris is an emerging fungal pathogen of great public health concern. This yeast 
lies in the Candida CTG clade, but is more divergent compared to other members 
including C. albicans, C. dubliniensis and C. tropicalis (157,158). Unlike the three 






response to environmental cues such as serum or elevated temperature (159).  Filaments 
have been reported for C. auris recovered from infected mouse livers, but the mediators 
of this morphogenesis are unknown and appear distinct from those of other CTG clade 
species (160).  The predicted CauSOD4 of C. auris is ≈35% identical to C. albicans SOD4 
and SOD5, and given this relatively low sequence homology, we addressed whether 
CauSOD4 is an actual SOD. We engineered C. albicans to secrete the recombinant 
CauSOD4 and assayed the extracellular growth medium for SOD activity as was 
previously done for C. albicans SOD5 (66,67).  As seen in Figure 2-10A lanes 5,6, 
CauSOD4 secreted from C. albicans is active under two culture pH conditions, similar to 
secreted recombinant C. albicans SOD4 (lanes 3,4) and C. albicans SOD5 (66).  
We also examined expression of CauSOD4 and CauSOD6 mRNA in laboratory 
cultures of C. auris. Although these strains cannot form hyphae under laboratory 
conditions (159), a Fe starvation state can be induced using BPS (Figure 2-10B). These 
Fe-starved cells remain in the yeast-form state (Figure 2-10C).  As seen in Figure 2-10D, 
CauSOD4 is induced during Fe starvation, similar to SOD4 of C. tropicalis and C. 
albicans. CauSOD6 if anything, is somewhat repressed under these conditions (Figure 2-
10D).  
Our results suggest, then, that for the Candida species evaluated here, Fe 
limitation induces expression of Cu-only SODs.  In those species that readily make 
hyphae, hyphal morphogenesis induces Cu-only SOD activity coincident with the ROS 
burst of morphogenesis. The link between morphogenetic signals and expression of Cu-
only SODs extends beyond Candida species.  The Pezizomycotina fungus Neurospora 






anchored cell wall Cu-only SOD (acw-10) transcriptionally induced by hyphal formation 
(146,161,162).  
 
Why are Cu-only SODs induced with Fe starvation? 
There is much evidence linking intracellular Fe homeostasis to oxidative stress 
(19,163-167), and as previously mentioned, intracellular SODs protect labile Fe-S 
clusters from oxidative inactivation (107). These Fe-S clusters become even more 
vulnerable under Fe starvation conditions, increasing the demand for SOD protection. 
Indeed, intracellular SOD enzymes have been shown to be induced by Fe starvation in 
the Pezizomycotina fungi Aspergillus fumigatus and A. nidulans (168) and the algae 
Chlamydomonas reinhardtii  (164), with the intent of guarding Fe-S clusters. However, 
the rationale for inducing extracellular SODs with Fe starvation is less clear.  The fungal 
Cu-only SODs should protect extracellular/cell surface targets from damage and to date 
no extracellular Fe-S enzymes have been identified for fungi.  Other targets of oxidative 
damage must be involved and possibilities include the reductive Fe uptake system of 
yeasts that may be prone to Fenton chemistry (167,169) and the plasma membrane itself.  
In C. albicans, the heme protein ERG11 is down-regulated with Fe starvation (170), which 
increases plasma membrane fluidity through loss of ergosterol, making the fungus more 
vulnerable to oxidative stress (171).  A family of flavoproteins protect the plasma 
membrane from oxidation of polyunsaturated fatty acids (172), and interesting, one of 
these, PST1, is induced by Fe starvation (135).  Fe starvation also induces a 






of antioxidant defenses including Cu-only SODs that may collectively protect membrane 
integrity during the oxidative attack of the host.    
Lastly, it is possible that induction of Cu-only SODs by Fe-starvation is part of the 
“adaptive prediction” response of the fungal pathogen. As recently proposed by Brunke 
and Hube, microbes have the ability to predict impending environmental insults based on 
cues from current environmental conditions (174). When Candida sp enter the Fe limiting 
setting of the host, they may pre-adapt to upcoming oxidative insults by inducing 
antioxidant defenses. Coupling extracellular SOD expression to Fe restriction may help 
pathogens prepare for the oxidative burst of immune cells in the Fe starved environment 
of the host. To our knowledge, our studies are the first to report a connection between 
extracellular SODs and Fe limitation for any organism and may be more wide spread 














Figure 2-1.  C. albicans SOD4 and SOD5 are monomeric proteins with differential 
surface charges 
(A) Recombinant SOD4 and SOD5 was purified from E. coli inclusion bodies as 
described in Experimental Procedures, and during the indicated steps of purification, 
samples analyzed by denaturing non-reducing gel electrophoresis and Coomassie 
staining. Pre TEV, refolded protein isolated on Ni column; Post TEV, protein following 
removal of His tag by TEV protease; Ni FT, flow-through from HisTrap column to 
remove His tag and TEV; QFF FT and QFF elution, flow-through and bound fractions, 
respectively, from Q FF anion exchange. Molecular weight markers (kDa) are shown on 
left. (B) Shown are SOD4 structural predictions using MODELLER and SOD5 PDB: 
4N3T as model, and electrostatic surface charges where scale ranges from −5 (red) to 
+5 (blue) in units of kBT/ec at pH 8.0. Top and bottom represent two faces of the 
protein, yellow circle denotes location of Cu site. (C) Analytical ultracentrifugation 
experiments of recombinant SOD4 (top), SOD5 (middle), or a mixture of the two 
(bottom) are consistent with monomeric versions of the proteins.  Results are 










Figure 2-2. Pulse radiolysis analysis of SOD4 enzymatic activity in comparison to 
SOD5.  
(A) Shown is superoxide decay as a function of SOD4 concentration: blue (8 μM), black 
(4 μM), orange (2 μM), green (1 μM), red (0.5 μM), purple (0.25 μM). (B) The linear 
regression of the data from A was used to calculate pseudo–first-order rate constants 
for SOD4. (C) Calculated second-order rate constants are shown for SOD4 (black) over 
pH 5.0 – 10.0, and for SOD5 (white) and SOD4* (red) at pH 5.5, 6.0 and 7.5. SOD4* 
contains an additional 0.4 equivalents of Cu but the additional Cu does not affect rates 
of catalysis. (D) Experimentally determined rate constants for the loss of superoxide as 
a function of varying ionic strength (NaCl) at pH 6.0 (red) and pH 7.25 (blue). Linear 
regression resulted in slopes of −0.86 (pH 6.0) and −0.53 (pH 7.2). In all experiments, 
values shown represent the averages of four or more independent measurements with 









Figure 2-3. Cu binding properties of C. albicans SOD4 in comparison to SOD5  
(A) Recombinant SOD4 and SOD5 were subject to SOD activity measurements by WST-
1 reduction (86). Results are averages of triplicate measurements, representative of two 
experimental trials.  (B,C top) Equilibrium dialysis was carried out in the presence of an 
excess of the indicated metal chelators. At the indicated time points, the percent Cu 
remaining in the SOD containing samples was analyzed by AAS.  Error bars represent 
the standard deviation of four measurements over two independent dialysis experiments. 
(C bottom) The log K stability constants for Cu binding were determined using non-linear 










Figure 2-4:  A comparison of anti-SOD5 and anti-SOD4 antibodies 
Shown are immunoblots of the indicated amounts of purified recombinant (Rec) SOD4 
and SOD5 using either anti-SOD5 (66) or an anti-SOD4 antibody generated as described 










Figure 2-5: SOD4 and SOD5 are differentially expressed in C. albicans cultures 
A) C. albicans was grown as either yeast-form cells or induced to form hyphae in IMDM 
media for 2 hrs prior to qRT-PCR analysis of the indicated genes. Results show fold 
changes in mRNA levels in hyphal over yeast-form cells; error bars represent standard 
error of the mean (SEM) for three independent cultures. ***P≤0.00036; **P=0.0014.  B-
D) Yeast-form cells were grown in the presence or absence of 150 µM of the Fe chelator 
BPS and were: (B) analyzed for Fe content by ICP-MS, or (C,D) subjected to qRT-PCR 
analysis of the indicated genes (C) or of SOD4 (D), where results show fold change in 
mRNA in +BPS over -BPS conditions. Results are averages of four (D) or five (B,C) 
independent cultures over two experimental trials; errors are SE. ****p<0.0001. Statistical 
significance was determined by unpaired t-test.  (E) Cells were induced to make hyphae 
overnight in IMDM media under Fe-replete conditions (top), or yeast-form cells were 
made Fe-starved by growth in 150 µM BPS (bottom).  Proteins covalently attached to the 
cell wall were liberated by lyticase, deglycoslyated with PNGase F, and assayed by 
immunoblot using an anti-SOD4 antibody that cross reacts with both SOD4 and SOD5. 
Additional details are provided in Figure 2-6 legend. Molecular weight markers in kDa are 
indicated on left. Strains used: A-B and E, WT, SC5314; C, WT SN152 and isogenic 








Figure 2-6. Localization of SOD4 and SOD5 in the cell wall, membrane and 
secreted fractions of C. albicans 
The indicated strains were grown either as hyphae in an Fe-deficient IMDM media (A,B), 
or as yeast-form cells made Fe deficient by 150 µM BPS (C,D). The growth media was 
collected as “secreted”, and cell wall or membrane proteins collected as described in 
Experimental Procedures.  Samples deglycosylated as in Figure 2-5E were analyzed by 
immunoblot using anti-SOD5 (A, B top and C) or anti-SOD4 (A, B bottom and D) 
antibodies.  Membrane and cell wall samples were derived from identical cell equivalents 
from the same culture, whereas 1.5x this cell equivalent amount was analyzed with 
secreted fractions. Intracellular housekeeping proteins typically used as loading controls 
for whole cell lysates could not be used with these fractions; instead result reliability was 
established through multiple trials including 3 immunoblot studies of each independent 
fraction.  Strains utilized: (A, B, D) WT, SC5314; sod4∆, SS101; sod5∆, SS100; sod4,5∆, 
SS102. (C) S4pr-SOD5 is SOD5 expressed from the SOD4 promoter in either the sod4∆ 
strain SS103 (lane 2) or the sod4∆ sod5∆ strain SS104 (lane 3).  The two panels in part 
C and D are from the same immunoblot image.  Molecular weight markers are indicated.  
As reported for Cu/Zn SOD1 (175-177), the Cu-only SODs do not migrate as anticipated 
on denaturing gels. Cell wall SOD4 and SOD5 migrate at ≈19 and 22 kDa compared to 
the predicted 20.0 and 19.8 kDa of mature enzyme.  Membrane and secreted versions 
migrate at ≈30 kDa while the unprocessed SODs are ≤24 kDa. The aberrant migration 
may represent glycosylation resistant to PNGase or other posttranslational modifications.  
Alternatively, these SODs may react non-uniformly with detergent, as is true for Cu/Zn 








Figure 2-7. Sequence alignments of Cu-only SODs in C. albicans, C. dubliniensis, 
C. tropicalis and C. auris 
 
Sequence alignments of Cu-only SODs similar to C. albicans (Ca) SOD4 and SOD5 (A) 
or to C. albicans SOD6 (B).  SOD6-like SODs are longer with an extended C-terminus 
and have an active site lysine rather than arginine.  Black, residues with 60% conservation 
across all SODs; blue, histidines predicted to bind Cu; magenta, predicted disulfide 
cysteines; green, predicted active site lysine or arginine; yellow, sequences 
corresponding to active site E110 and D113 of C. albicans SOD5.  CdSOD4, CdSOD5 
and CdSOD6 are C. dubliensis Cd36_15610, Cd36_15620 and Cd36_15220; CtSOD4 
and CtSOD6 represent C. tropicalis CTRG_01132 and CTRG_01087; CauSOD4 and 








Figure 2-8. C. tropicalis expresses a single Cu-only SOD for Fe starvation and 
morphogenesis 
C. tropicalis cultures were grown as either yeast form cells in the presence or absence of 
150 µM BPS (A, B), or induced to form hyphae by growth in 50% serum for four hours 
(C,D).  Cells were analyzed for (A) Fe content by ICP-MS where results represent the 
averages of 3 independent cultures, or (B,D) expression of the indicated genes by qRT-
PCR where results represent averages of 5 cultures over 2 experimental trials. ***P = 
0.0003, ****P <0.0001. ns, no statistical significance as determined by unpaired t-test. (C) 








Figure 2-9. C. tropicalis produces a ROS burst during morphogenesis 
 
C. tropicalis cultures were grown either as yeast-form or stimulated to form germ tubes 
and short hyphae by incubation for 3 hours in IMDM media. Cells were examined by dark 
field microscopy (A) and were subjected to either (B) qRT-PCR analysis of C. tropicalis 
SOD4 and SOD6, or (C,D) luminol chemiluminescence analysis of ROS.  (B) Results are 
averages of three independent cultures, where P=0.056 with the fold change in SOD4 
expression in IMDM versus yeast-form cells. (C) Luminol chemiluminescence profiles 
represent averages of 9 recordings from three independent IMDM cultures and 8 
recordings from two yeast-form cultures.  (D) Each result represents the average area 
under the curve from four luminol chemiluminescence readings from two independent 
IMDM cultures.  Where indicated, 5 µM of the NOX inhibitor DPI was added at the initiation 





























Figure 2-10. C. auris expresses a Cu-only SOD that is enzymatically active and is 
induced under Fe starvation conditions 
 
C. albicans strain KC2 was engineered to secrete where indicated glycosylated C. 
albicans SOD4 or C. auris  SOD4 or not secreting recombinant proteins (Con), and the 
extracellular growth media was analyzed for SOD activity by native gel electrophoresis 
and nitroblue tetrazolium staining for SOD activity as described in Experimental 
Procedures and previous reports (66,67). The differences in mobility of the SODs from 
cultures at pH 3.3 versus 7.5 were previously reported for C. albicans SOD5 and appear 
to represent different glycosylation states of the secreted proteins (66). B, D) Two 
independent clinical isolates of C. auris were cultured in the presence or absence of 150 
µM BPS and were analyzed for (B) Fe accumulation by ICP-MS where results represent 
averages of two clinical isolates and cultures; *P=0.012; or (D) for expression of 
CauSOD4 or CauSOD5 by qRT-PCR where results are averages of four cultures and two 
isolates over two experimental trials; *P=0.019 and 0.042 for SOD4 and SOD6, 
respectively.  (C) C. auris remains as yeast-form under Fe starvation conditions as seen 






Table 2-1: Primers used for qRT-PCR reactions 
 
Candida albicans qRT-PCR primers 
 
Primer Name Identifier Sequence 
FRE8 - Forward orf19.701 CTT TCC ATC GTC ATA TTG CCA G 
FRE8- Reverse orf19.701 GCT GTG CCC CAA ATC ATA AAT G 
TUB2- Forward orf19.6034 GAG TTG GTG ATC AAT TCA GTG CTA T 
TUB2- Reverse orf19.6034 ATG GCG GCA TCT TCT AAT GGG ATT T 
RBT5-Forward orf19.5636 GCC AGA ATG TGC CAA AGA AT 
RBT5-Reverse orf19.5636 ACG GAA ACA GAA GCA ACG TC 
SOD5- Forward orf19.2060 GCA GAT CTT ACA TTG GCG GTT TAT C 
SOD5-Reverse orf19.2060 CCA AGA GAC CAT TTA CTA CTG CTC T 
SOD4- Forward orf19.2062 CTT GAC GAA GGT GAC GAT ACT GCA A 
SOD4-Reverse orf19.2062 TTA AAG CAG CAA CAA CAC CGG CAA T 
 
Candida auris qRT-PCR primers 
Primer Name Identifier Sequence 
SOD4- Forward QG37_06986 GTT TCC TAC AGA GCC ACC TT 
SOD4-Reverse QG37_06986 CCG TGG TAA GGG TTG AAG T 
TUB2- Forward QG37_02047 GGA CAT GGC TGC TAC ATT C 
TUB2- Reverse QG37_02047 GGT ACT GCT GGT ATT CAC TTA C 
SOD6- Forward QG37_05332 ACC AAG ATC GCT TGT GCT AAT A 
SOD6-Reverse QG37_05332 CAC TTT CAG TAG ACA GCG TAG AG 
 
Candida tropicalis qRT-PCR primers 
 
Primer Name Identifier Sequence 
SOD4- Forward CTRG_01132 CGA TTC CTT GGT CGC TAC TT 
SOD4-Reverse CTRG_01132 GTA GCA GTA CAG TTG CCA GAT 
TUB2- Forward CTRG_04373 CAA GGA AGT TGA CGA CGA AAT G 
TUB2- Reverse CTRG_04373 ACT GAA TTG ATC ACC GAC TCT C 
SOD6- Forward CTRG_01087 GCA GAA GTG TAT GAG GAG GAT TTA 


















Table 2- 2: Primers used for molecular cloning 
 
Primer            Description                                             Sequence 
ORP245 Linearize pag10H 
plasmid for Gibson 
GAC CAT GGC GCC CTG AAA ATA AAG 
ORP246 Linearize pag10H 
plasmid for Gibson 
TAA GTC GAC AGA ATG GGC GGG 
OSS02SOD
4F 
Gibson C. albicans 
SOD4 insert Forward 
GCC CAT TCT GTC GAC TTA TGA CCA AGT 
AGC AGC ACT TGC A 
OSS01SOD
4R 
Gibson C. albicans 
SOD4 insert Forward 
CAG GGC GCC ATG GTC AAG GCA CCA TTA 
GTT GCA AGA TTT AAG AA 
gibson_met
3 
Linearize CaEXP vector 
C. auris Forward 
CGG GGA GGG TAT TTA CTT TTA AAT ATA 
GTT AAC AGG 
gibson_ura Linearize CaEXP vector  
C. auirs Reverse 
TAA TAG GAA TTG ATT TGG ATG GTA TAA 
ACG G 
OMT01 Amplify C. auris EC-
SOD for Gibson Forward 
gtaaataccctccccgATGATTTGGAAACCCTTCACT
TTCgc 
OMT02 Amplify C. auris EC-
SOD for Gibson Reverse 
ccatccaaatcaattcctattaCTCCACTGGAGGAACAG
TGT 
OPOJG01 Amplify SOD4 from 




OPOJG02 Amplify SOD4 from 
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In previous studies, the Culotta lab in collaboration with the laboratories of John 
Hart and Ahmad Galaleldeen were able to determine the crystal structures of the Cu(I) 
and Cu(II) bound SOD5 proteins to high resolution (corresponding to PDB codes 4N3T 
and 4N3U respectively) (67). The X-ray crystallographic structure of the apo form of 
SOD5 has also been determined (PDB 5CU9). From these studies, they found that C. 
albicans SOD5 has unique structural properties that distinguished it from the well-studied 
Cu/Zn SODs and that it represents a new class of Cu-containing SOD enzymes. Like 
Cu/Zn SODs, Cu-only SODs have a Greek-key beta barrel fold and structural disulfide 
forming cysteine residues. Whereas Cu/Zn SODs are found as homodimers or tetramers, 
SOD5 was determined by analytical ultracentrifugation and crystallographic studies to 
exist as a monomer, and I found that same was true for SOD4 in Chapter 2. In addition, 
SOD5 is missing a large portion of the electrostatic loop (ESL) found in Cu/Zn SODs to 
be important for guiding the superoxide substrate to the active site. Nevertheless, both 
SOD4 and SOD5 have diffusion-limited kinetics and an electrostatic guidance system as 
apparent by their rate dependence on ionic strength ((67) and Chapter 2).  
Cu-only SOD5 active site residues E110/D113 were found to be signatures of Cu-
only SOD enzymes, and biochemical studies revealed their roles in Cu-only SOD 
biochemistry. E110 replaces a Zn-coordinating histidine residue in SOD1, and D113 is 
conserved amongst all Cu SODs sequences (66). E110 directly interacts with the Cu-
coordinating H93 residue to orient it properly in the active site and acts as a replacement 
for the Zn cofactor in allowing for catalysis at higher pH and D113 is important for Cu 






There are many X-ray crystallographic (178-182) and solution based NMR studies 
on Cu/Zn SOD1 (183-189). Cu proteins are notoriously difficult to study by NMR in their 
holo-form. This is due to the magnetic moment of the unpaired electron in Cu(II), which 
causes chemical shift perturbations and alters the relaxation time of neighboring protons 
causing peak broadening. For this reason, I chose to study the apo form of SOD4 (Figure 
3-1 and 3-2). Although SOD4 and SOD5 are highly identical at the sequence level, no 
known structural information exists for SOD4. In this Chapter, we pursued NMR based 















Preparation of isotopically labelled proteins 
Recombinant C. albicans SOD4 was prepared by cloning residues 27-181 into an 
expression vector containing an N-terminal 10X His tag and a tobacco etch virus protease 
cleavage site. It was transformed and expressed in E. coli Lemo21 cells. A single colony 
of bacteria was used to inoculate MOPS minimal media containing 15NH4Cl as the sole 
nitrogen source for the expression of 15N-labeled SOD4. For [13C, 15N]-doubly labeled 
SOD4 preparations, 2 g/L 13C6-glucose and 0.6 g/ L 15NH4Cl were used as the sole carbon 
and nitrogen sources, respectively. Expression was induced with 0.25 g/L isopropyl-β-D-
thiogalactopyranoside at 18°C for 20 hours shaking at 180 rpm. Cultures were pelleted 
by centrifugation and resuspended in lysis buffer (50 mM Tris, pH 8.0, 200 mM NaCl, 1X 
Pierce protease inhibitor tablets). Lysis buffer was supplemented with 1 mM PMSF, 
lysozyme, and 1250 Units of Pierce Universal Nuclease before lysing with Emulsiflex at 
15,000 psi. Inclusion bodies were collected by centrifugation at 4°C for 30 minutes at 
26,200 xg. Pellets were washed twice with cold lysis buffer and pelleted at 26,200 xg for 
20 minutes each. Inclusion body pellets were resuspended in 8M urea with 50 mM Tris 
pH 8.0 with freshly added reduced glutathione (1.5 mM) and kept stirring overnight at 4°C. 
Insoluble material was pelleted at 60,000 xg for 25 minutes and the solution was passed 
through a 0.45 µm filter before dialysis in 10 kDa MWCO membranes against 2X 4 L of 
50 mM Tris pH 8 with 0.5 mM oxidized glutathione. The dialyzed protein was loaded to a 
HisTrap FF column and eluted using a gradient against 50 mM Tris pH 8.0 with 500 mM 
imidazole. The protein was dialyzed in the presence of TEV protease against 50 mM Tris 






loading to a Q FF column and eluting with a linear gradient of NaCl (for SOD4) or 
collecting the flow through (for SOD5). The purified protein was then dialyzed twice 
against chelexed buffer containing 1 mM Tris pH 7.4, 9 mM NaCl, 5mM EDTA and 
concentrated using a 3 kDa MWCO device. Concentrated proteins were further dialyzed 
against the above mentioned buffer or 1 mM Tris-d11 pH 7.4, 9 mM NaCl, 5mM EDTA.  
 
NMR Methods 
NMR experiments were acquired at 298 K on a Bruker Avance III 950 MHz spectrometer, 
a Bruker Avance 800 MHz spectrometer, and a Bruker Avance III 600 MHz spectrometer, 
all equipped with z-gradient cryogenic probes.  A 2D [1H-15N]-fHSQC, shown in Figure 3-
2, was used as the root spectrum to assign backbone resonances via pairwise 
comparison of inter- and intra-residue 13Cα, 13Cβ and 13Cʹ chemical shifts. Triple 
resonance HNCACB, CACB(CO)NH, HNCA, HN(CO)CA, HNCO, and HN(CA)CO 
experiments were collected on [15N,13C]-labeled SOD4 samples at 25°C. 15N-SOD4  was 
used to collected 3D 15N NOESY HSQC data were used to confirm neighboring residues. 
NMR data were processed with NMRPipe(190) and analyzed with CcpNmr Analysis(191).  
All proton chemical shifts were referenced to external trimethylsilyl propanoic acid (TSP) 
at 25°C (0.00 ppm) with respect to residual H2O (4.698 ppm).  1H–15N and 1H–13C 
chemical shifts were indirectly referenced using zero-point frequency ratios of 







Results and Discussion 
X-ray crystallographic studies of recombinant SOD4 have proved challenging 
based on numerous attempts with our collaborators to obtain highly diffracting crystals. 
We decided to attempt solution structural analysis of recombinant SOD4 via protein NMR 
in collaboration with David Weber and Kristen Varney at University of Maryland. In order 
to study the structural properties of SOD4, we prepared isotopically labeled proteins for 
solution NMR experiments. Initially, we compared the 1H,15N TROSY HSQC spectra of 
15N-SOD4 with 15N-SOD5 to determine chemical shift values for all amide protons and 
nitrogens and to determine if future NMR experiments would be feasible based on 
spectral quality (Figure 3-1).  In initial NMR studies of apo SOD4 and SOD5 we found 
that both proteins are folded in solution and stable at room temperature for many days 
(Figure 3-1). The truncated proteins used for NMR analyses are 70% identical at the 
sequence level, but we observed large variations in the chemical shift values for the 
backbone amide groups.  
In Table 3-1, 1HN, 13C, and 15N backbone resonance chemical shifts and the initial 
assignments of the ~17kDa, 159 amino acid catalytic domain construct of SOD4 are 
listed. Sidechain amine peaks are labeled as “AMINE” in the table. This represents the 
first NMR assignments of a protein from the Cu-only SOD family and will be useful for 
further NMR-based studies of Cu-only SOD enzymes and their potential interactions with 
small molecule inhibitors.  
Future Directions 
Completing assignments for SOD4 will allow for the future studies of testing drug 






solution structure of both proteins. The difference in the ability of the proteins to generate 
highly diffracting crystals under similar conditions may be explained by the surface charge 
differences we observed in Figure 2-1. Future studies will involve pursuit of a solution 
structure for SOD4 that will be compared to the previously published structure of SOD5. 
For this, further NOESY experiments will need to be performed in order to obtain the 
interproton distance constraints. We also plan to perform long range HSQC experiments 
to examine the Cu-site side chain histidine resonances in the Cu-free protein. In order to 
obtain chemical shifts closer to the active site of the protein bound with Cu(II), we can use 
13C-direct detection methods as has been previously done for SOD1 (192,193). In 
addition the Cu(I) state of the protein may be amenable to NMR methods (187). 
Cu is important for proper folding of Cu/Zn SOD1, and in the apo form there are 
perturbations in the beta strands containing Cu-coordinating His residues causing part of 
the strands to separate further  from the other beta barrel strands in comparison to the 
Cu-replete protein in solution (189,194). Cu-only SODs can be activated with Cu after 
maturation and are able to fold in the absence of metal (67) (PDB 5CU9). It would be 
interesting to investigate whether the dynamical properties of Cu-only SODs proteins are 
altered in the absence of metal and if any changes in the tertiary structure become 
obvious in the absence of Cu. Cu/Zn SOD1 dimers are more thermally stable than their 
monomeric mutant forms (195). Some monomeric forms of Cu/Zn SOD exist in bacteria 
and have been shown to have high disorder in the loops of the protein surrounding the 
active site (187,196). Cu-only SOD proteins exist as monomers and are missing a large 
portion of the electrostatic loop found in Cu/Zn SODs including the monomeric bacterial 






forming loop perturbs dimer formation in this class of enzymes (176). It would be 
interesting to investigate if there are fluctuations in the loop normally found at the dimer 
interface of SOD1 as dimerization is known to reduce their flexibility (197,198). To 
address both of these differences between dimeric Cu/Zn SOD1 and monomeric SOD5, 
we can investigate the thermal stability of the oxidized apo- and holo- proteins with NMR 
and other spectroscopy-based methods and compare them to known values for the 














Figure 3-1. 1H,15N TROSY HSQC overlay of SOD4 and SOD5 
15N-SOD4(black) and SOD5(red) proteins encoding residues 27-181 were 
prepared as described in Experimental Procedures. Proteins were concentrated to 







Figure 3-2. 950 MHz 1H,-15N HSQC spectrum of SOD4 at pH 7.4 and 298K 
1H-15N amide proton correlations of oxidized SOD4 truncated to residues 27-181, 1 mM 
Tris pH 7.4, 9 mM Nacl, 5 mM EDTA. Single-letter amino acid labels with the numbers 
pertaining to the residue number in the full-length protein sequence.  
Horizontal lines represent side chain amine resonances. Numbers correspond to HSQC 































































Table 3-1 Chemical shift data for apo-SOD4 
HSQC 
identifier 
1H 15N CA CB CA(i-1) CB(i-1) 




2 9.318 133.388 60.29 31.541 53.892 42.240 
3 9.206 131.395 56.451 30.01 60.999 x 
4 9.257 130.291 53.936 42.06 61.576 34.281 
5 9.907 130.189 61.235 56.439         41.874 
 
6 9.100 130.116 49.692 20.966 59.507 35.630 
7 9.168 129.874 54.64 33.593 61.269 
 
8 9.136 129.637 61.251 63.306 55.798 
 
9 8.932 128.682 57.395 44.32 56.858 
 
10 8.471 128.423 53.474 40.853 61.337 
 
11 7.608 128.339 53.065 32.303 57.362 
 
12 8.591 128.291 54.337 35.66 61.249 39.800 
13 8.458 127.671 53.53 40.946 56.987 65.135 
14 8.011 127.526 50.268 20.369 62.983 69.100 




16 7.800 126.980 49.73 18.821 55.129 32.597 
17 8.207 126.873 57.389 37.929 51.956 31.575 
18 8.050 126.828 52.483 18.464 62.218 69.105 
19 7.994 126.788 52.019 18.559 58 63.119 
20 8.837 126.640 56.222 42.337 56.079 
 
21 8.174 126.394 55.705 29.988 59.013 
 
22 8.234 126.118 55.142 32.389 62.138 
 
23 9.138 126.115 57.601 38.886 54.364 29.820 
24 8.918 125.705 50.96 ? 56.68 
 
25 7.389 125.463 54.572 40.611 56.207 
 
26 8.748 124.954 54.306 29.774 49.716 21.017 
27 8.480 124.904 53.27 35.311 57.601 39.033 
28 9.512 124.889 53.305 31.004 45.151 
 






30 8.410 124.532 56.02 41.474 61.985 69.219 
31 8.542 124.332 53.171 41.543 56.16 65.689 
32 7.140 123.887 52.646 18.28 65.91 
 
33 7.952 123.778 52.022 18.5 52.009 
 
34 7.795 123.753 56.406 29.244 61.258 
 
35 7.642 123.681 52.51 36.67 45.03 
 
36 9.382 123.628 60.950 71.639 51.880 
 




38 7.586 123.319 59.488 64.418 56.378 29.120 
39 7.662 123.289 53.967 32.884 60.55 
 
40 9.174 123.236 59.324 71.634 61.102 
 
41 9.618 123.211 53.637 47.135 51.9 
 
42 10.163 123.163 59.885 32.358 61.123 
 
43 8.629 122.913 52.644 47.863 53.33 
 
44 7.966 122.662 56.46 29.81 53.62 
 
45 7.721 122.610 52.048 64.251 54.673 
 
46 7.721 122.610 52.048 64.251 52.048 
 
47 8.183 122.584 53.847 40.659 54.576 
 
48 8.230 122.563 56.322 29.777 53.781 
 
49 8.330 122.481 
    
50 8.281 122.375 53.964 40.444 53.752 
 
51 8.841 122.360 51.977 37.922 53.144 41.712 
52 8.141 122.333 50.298 21.458 53.255 
 
53 8.639 122.310 57.278 32.569 53.308 35.290 
54 9.099 122.289 52.49 32.636 55.43 
 
55 8.028 122.281 
    
56 7.934 122.203 56.497 29.752 53.584 40.570 
57 7.587 122.189 
    
58 8.432 121.744 61.3 39.700 59.43 72.899 
59 7.635 121.721 62.308 37.79 53.493 
 
60 8.475 121.699 59.61 39.13 58.32 
 
61 8.019 121.218 53.781 40.83 44.754 
 







63 7.098 120.619 57.055 38.193 50.555 19.353 
64 8.422 120.330 55.833 39.077 53.929 
 
65 8.180 120.345 52.49 38.716 43.218 
 
66 8.643 120.086 55.461 41.29 54.337 35.672 
67 9.382 119.884 59.498 35.713 52.618 46.145 
68 8.529 119.865 52.285 38.400 50.273 21.360 
69 8.362 119.722 50.495 19.472 57.742 
 
70 8.182 119.656 55.784 63.189 60.272 
 
71 8.207 119.168 
    
72 8.294 119.109 51.896 42.047 55.78 
 




74 8.544 119.010 52.604 46.023 62.201 
 
75 8.370 118.172 59.552 64.888 57.09 29.056 
76 6.527 118.170 52.009 38.395 44.822 
 
77 8.775 117.857 58.375 39.764 55.826 67.663 
78 8.647 117.648 54.539 37.395 56.046 65.410 
79 7.645 117.027 54.716   31.050 53.335 
 
80 7.722 116.524 53.53 40.162 57.384 69.232 
81 6.824 116.369 57.625 31.583 46.72 
 
82 7.367 116.369 57.011 65.093 54.845 34.240 
83 8.135 116.239 57.048 28.361 58.375 
 
84 7.859 115.815 55.875 30.01 57.623 
 
85 6.826 115.887 52.276 37.888 57.038 28.320 
86 8.716 115.820 59.784 70.82 52.615 
 
87 7.983 115.608 58.02 63.155 52.441 18.401 
88 7.565 115.446 56.481 63.595 53.51 40.090 
89 8.007 115.107 62.259 69.184 53.982 40.319 
90 7.135 115.026 57.105 64.927 61.002 
 
91 6.134 114.967 59.48 37.55 57.02 
 
92 9.188 114.838 53.312 43.206 50.963 
 
93 6.945 114.735 
    
94 8.132 114.533 57.907 30.264 56.402 40.650 






96 9.028 114.462 58.918 72.127 57.227 
 
97 7.488 114.266 61.895 68.536 54.624 
 
98 8.057 113.943 54.661 36.275 51.085 
 
99 6.787 113.738 
    
100 7.484 113.707 61.3 68.434 45.055 
 
101 7.946 113.657 AMINE AMINE AMINE AMINE 
102 6.719 113.652 AMINE AMINE AMINE AMINE 
103 6.685 113.505 
    
104 7.714 113.463 61.272 69.361 52.012 18.508 




106 7.391 113.174 
    
107 7.453 113.167 AMINE AMINE AMINE AMINE 
108 6.869 113.165 AMINE AMINE AMINE AMINE 
109 7.363 113.144 
    
110 7.382 113.124 AMINE AMINE AMINE AMINE 
111 6.630 113.119 AMINE AMINE AMINE AMINE 




113 8.628 112.678 59.466 72.866 43.44 
 
114 7.634 112.630 58.881 61.006 57.908 40.659 
115 8.099 112.404 61.987 69.27 59.285 71.572 
116 7.115 112.141 61.063 69.183 45.271 
 
117 6.678 112.107 AMINE AMINE AMINE AMINE 
118 7.393 112.107 AMINE AMINE AMINE AMINE 
119 7.134 111.772 61.006 69.128 45.16 
 
120 6.621 111.771 
    
121 7.048 111.674 56.213 65.722 61.723 
 
122 8.718 111.635 56.093 65.5 54.62 
 
123 6.577 111.493 
    
125 7.763 111.408 41.717 
 
59.596 30.960 
126 7.135 111.275 61.064 69.237 45.327 
 




128 6.702 110.893 AMINE AMINE AMINE AMINE 










131 6.644 110.428 AMINE AMINE AMINE AMINE 
132 6.560 110.426 AMINE AMINE AMINE AMINE 
133 6.471 110.165 59.626 31.069 45.622 
 
134 7.280 109.726 50.983 40.035 56.279 59.534 
135 7.276 109.726 56.854 64.279 59.534 56.279 
136 6.975 109.412 55.833 67.602 51.993 
 
137 7.884 108.668 45.05 
 
59.761 70.946 
138 7.665 108.090 43.458 
 
53.522 34.143 
139 6.525 107.477 61.789 69.032 52.66 18.112 
140 7.134 105.292 45.181 
 
61.773 69.202 
141 7.900 121.218 60.628 34.411 53.03 
 






















Murine studies of disseminated candidiasis were performed in collaboration with Dr. 
Brendan Cormack at the School of Medicine at Johns Hopkins University. 
 
Rat catheter biofilm formation assays were performed by Hiram Sanchez in 








For a pathogenic organism, extracellular SODs can be critical for microbial 
survival in the harsh oxidative environment of the host.  In Chapter 2, we compare and 
contrast two such extracellular SODs for C. albicans including a Cu-only SOD5 that is 
induced during morphogenesis to deal with a fungal burst of ROS, and SOD4, which is 
highly induced during Fe starvation. This Fe induction of extracellular SODs was also 
observed with Candida species that express only a single SOD4/SOD5-like SOD.   
During infection C. albicans can be subject to Fe starvation stress (199,200) as 
part of an innate immune response known as nutritional immunity (201).  Microbes such 
as C. albicans rely on metals such as Fe, Cu, Mn and Zn for growth and virulence, and 
the mammalian host attempts to restrict access to these essential micronutrients.  C. 
albicans and other pathogenic fungi can elicit this innate immune response (59,75,202-
205). By far, the best-studied case of nutritional immunity involves Fe. The host reduction 
in Fe availability can be systemic, producing a condition known as “anemia of 
inflammation”.  In addition to systemic Fe withholding, macrophage mediated Fe 
restriction has been observed during infection with various fungi including Rhizopus, 
Histoplasma capsulatum, Aspergillus fumigatus and Paracoccidioides spp, (206-209). 
The need to replicate following engulfment by macrophages may represent another 
context in which Candida is deprived of Fe.  It is therefore possible that during infection 
or under other cellular Fe restrictive conditions, induction of extracellular SODs helps 
Candida spp. adapt to Fe limitation conditions.  As described in Chapter 2, this could 
either represent antioxidant protection unique to Fe limitation conditions, or a pre-emptive 






prediction” response (174). In either case, one would expect the Fe regulated SODs to 
be important for fungal survival or virulence. In this chapter, we begin to address this 
using animal models of infection.   
Two common models to study the virulence of Candida spp. are in vivo biofilm 
formation assays and the lateral tail vein model of disseminated candidiasis. In order to 
recapitulate the complexity of biofilm infection in vivo, Andes et al developed a central 
venous catheter model in rats (210). This model has been used to assess the ability of 
Candida mutants to generate biofilms in vivo with the identification of potential drug 
targets to prevent biofilm formation (86,91,211-213). The intravenous challenge (lateral 
tail vein) model for testing the virulence of C. albicans strains has been studied 
extensively (214). In this model, Candida is cleared from the bloodstream <10 hours and 
a main target organ with the highest fungal burden late in infection is the kidney (214). In 
previous studies, C. albicans SOD5 has been shown to be a virulence factor in the lateral 
tail vein model for disseminated candidiasis (84) and the Culotta and Andes labs have 
recently shown that sod5∆/∆ strains cannot form biofilms in the rat venous catheter model 
(86).  However, to our knowledge, the role of SOD4 in fungal virulence and survival had 
not been previously tested in any model.  There have been a limited number of studies 
investigating sod4∆/∆ mutations in cellular models. sod4∆/∆ null mutants of C. albicans 
have decreased survival in the presence of murine bone marrow derived macrophages 
and human neutrophils, but only in the background of sod5∆/∆ mutations (83,141), 
suggesting SOD4 may be able to compensate for SOD5 in the presence of immune cells 
in vitro. Further studies showed that SOD4 is upregulated in the presence of human 






also upregulated SOD4 transcripts in this condition (85). Given sod4∆/∆ alone did not 
have strong phenotypes in the presence of immune cells in vitro, we anticipated sod4∆/∆ 
may have defects in the Fe starved context of the host where SOD4 transcripts are known 
to be expressed in different animal models (79,81,82).  
 Here we assessed the ability of C. albicans sod4∆/∆ strains to generate mature 
biofilms in the rat catheter model as well as determined the ability of sod4∆/∆ C. albicans 
mutants to cause disease in the murine model of disseminated candidiasis. Unlike 
sod5∆/∆ yeast, I observed that sod4∆/∆ mutants are not decreased in their ability to form 
biofilms in vivo, nor did they show reduced virulence in the lateral tail vein model.  There 
is however evidence for an increased virulence and an enhanced immune response in 




C. albicans strain SC5314 and isogenic deletion derivatives of this strain were 
used  in all studies. sod4∆/∆ and sod5∆/∆ strains were kind gifts of Julie Gleason and 
correspond to strains JG213 and JG201 respectively. Cells were maintained at 30oC in a 
1% yeast extract, 2% peptone based medium with 2% glucose (YPD). For lateral tail vein 
infection, cells were grown to an OD600 ~10-12, washed extensively with PBS and cell 
number was determined by OD600 and yeast count using a hematocytometer. A total of 2 
X 105 cells in PBS were injected by lateral tail vein injection for survival studies and 72 
hour RNA and CFU data in 12-week-old mice. 5 X105 cell inoculum was used for 48-hour 








All experiments involving mice were performed in male BALB/c strain and were 
approved by the Johns Hopkins University (protocols # MO16M168 and MO15H134).  
 
Determination of colony forming units in the lateral tail vein model 
In order to assess fungal burden in spleen and kidney, organs from all mice were 
weighed immediately following sacrifice at 72 hours post infection. Kidneys were 
homogenized in 1 mL of sterile PBS and serially diluted in PBS and plated on YPD plates 
containing 1% penicillin-streptomycin.  
 
RNA analysis of mouse kidneys following lateral tail vein injection 
 Gene expression changes in mouse and yeast genes during the course of infection 
were examined as described previously (59).  Kidneys were harvested from mice at the 
indicated time post infection and stored in Trizol solution and flash frozen in liquid nitrogen 
for storage. To isolate RNA, kidneys were finely chopped using a razor and homogenized 
on ice using a Benchmark D1000 handheld homogenizer in a total volume of 500 µL of 
Trizol reagent. An additional 500 µL of Trizol reagent was added and samples were then 
vortexed with 0.5 mm zirconia beads for 30 minutes at 4°C. The supernatant was 
collected by centrifugation at 12,000xg for 10 minutes at 4°C. Organic extraction was 
performed as described previously. Briefly, 200 µL of chloroform:isoamyl alcohol 49:1 
was added to each sample and vortexed for 15 seconds. Following incubation for 3 






4°C. The aqueous layer was added to 500 µL of 100% isopropanol and incubated for 10 
minutes at room temperature to precipitate RNA. Samples were centrifuged again at 
12,000xg for 15 min at 4°C and the pellet was washed with 1 mL of 75% ethanol. RNA 
samples were further purified using the Nucelospin RNA kit to remove organic and DNA 
contaminants. cDNA was synthesized using oligo-dT primers and the RevertAid reverse 
transcriptase kit. Primers used for qRT-PCR analysis are described in Table 4-2.  
 
Mouse Survival Experiments 
Following infection with C. albicans, 9 week old (Figure 4-1) or 12 week old (Figure 
4-2) male BALB/c mice were monitored twice daily to assess survival. Cohorts of 10 mice 
each were used for each condition. Moribund mice were sacrificed. Mouse survival was 
plotted using Prism and a log rank test (Mantel Cox). For 12-week old mice, a cohort of 
12 mice infected with either WT and sod4∆/∆ yeast were sacrificed at 72 hours post 
infection for RNA analysis.  
 
In vivo biofilm formation 
Jugular vein rat catheter biofilms comparing WT and sod4∆/∆ yeast were 
performed in collaboration with David Andes lab at the University of Wisconsin by Hiram 
Sanchez. This infection model has been described previously (216). Catheters were 
implanted into the jugular vein of rats, and following a 24 hour recovery period, C. albicans 
strains were added at 106 cells/ml in 700 µL into to fill the catheter lumen. Six hours after 
yeast were deposited, the catheters were flushed with saline solution. Rat catheters were 






overnight. Further details for fixing and mounting can be found in the following references 
(216,217). Catheter mounts were imaged using scanning electron microscopy (SEM) at 
75 and 2000X magnification (Figure 4-6). Experiments involving the rat catheter model 
were approved by the University of Wisconsin (protocol # DA0031, MV1947).  
 
Results and Discussion: 
The lateral tail vein model for disseminated candidiasis 
 The sod5∆/∆ null mutant of C. albicans has a virulence defect in a murine model 
of disseminated candidiasis (84). In order to test whether sod4∆/∆ mutants have a similar 
a virulence defect in this host model, we compared the survival of 9-week-old mice 
infected with the SC5314 wild type strain and isogeneic sod4∆/∆ and sod5∆/∆ mutants in 
the lateral tail vein injection model (Figure 4-1). Mice were weighed and time of death 
determined for a period not to exceed 30 days. As was shown previously, sod5∆/∆ 
infected mice had longer survival compared to their WT counterparts with a median 
survival of 9 days (Figure 4-1 and (84)). Interestingly, mice infected with the sod4∆/∆ 
strain did not exhibit an increased survival but rather had a median survival of 5.5 days 
compared to 7 days for WT mice and this was determined to be statistically significant 
using the Mantel-Cox test. This experiment was repeated on a second cohort of 12-week-
old male mice (Figure 4-2A). With these somewhat older mice, there was no change in 
survival for the sod4∆/∆ mutant-infected mice compared to WT C. albicans controls with 
a median survival of 7 days for both groups. However, these mice did exhibit significantly 
higher fungal burdens in the kidney as shown by the number of yeast colony-forming units 






burden is typically lower in the spleen compared to kidney. In the spleen there was no 
change in fungal burden of mice infected with the sod4∆/∆ strain compared to WT controls 
(Figure 4-3), hence the effect may be specific to the kidney.  
During infection, the host exhibits a number of markers of inflammation that can 
be monitored by qRT-PCR.  A list of some of these markers is seen in Table 4-1.  We 
tested whether the increased fungal burden in kidneys of C. albicans sod4∆/∆ infected 
mice correlated with any change in host markers of inflammation. In two separate 
experiments, we investigated host RNA markers prepared from mouse kidneys from 9 
week old mice infected for 48 hours with a high inoculum (5 X 105 cells) or 12 week old 
mice following 72 hours with a lower inoculum (2 X 105 cells).  Over these two 
experimental trials, the only marker tested that exhibited a statistically significant 
difference was S100A8, elevated in mice infected with sod4∆/∆ C. albicans compared to 
the WT strain at the 72 hour time point (Fig. 4-4A). S100A8 is a subunit of calprotectin, a 
protein that binds Fe, Mn, Cu and Zn and is part of the host response to nutritional 
immunity(75,218-221).  Calprotectin is also a marker of neutrophil invasion (222). 
We also tested whether certain fungal markers of infection were altered with 
sod4∆/∆ versus WT C. albicans strains.  For example, we tested whether SOD5 
transcripts may be induced higher in sod4∆/∆ yeast as a compensatory mechanism. As 
seen in Fig. 4-5A,C, there were no differences in SOD5 mRNA levels between WT and 
sod4∆/∆ infected mice in the 48 hour 9 week old mice (A) or 72 hour 12 week old mice 
(C) infection model. If SOD5 were to compensate for loss of SOD4, this would need to 
occur at the post-transcriptional level. We also examined RBT5 and CSA2, encoding 






SEF1(135,152,223,224). Although we were not able to detect RBT5 expression in the 
kidney (Fig. 4-5E), CSA2 mRNA was increased in sod4∆/∆ yeast in infected kidneys (Fig. 
4-5B,D) suggesting there may be altered Fe metabolism in the absence of SOD4 in vivo. 
However the mechanism for this is unknown. It is possible that sod4∆/∆ yeast have a 
lower capacity to uptake heme in vivo, and the yeast respond by further upregulating the 
hemophore, CSA2.  
The rat catheter model for in vivo fungal biofilms 
Given the strong in vivo defect of C. albicans sod5∆/∆ mutants in rat catheter 
biofilms (86), we wanted to determine the ability of sod4∆/∆ yeast to form biofilms in this 
model. As seen in Fig. 4-6, C. albicans sod4∆/∆ mutants did not have a defect in forming 
biofilms on rat catheters. In fact, we observed robust biofilm formation by sod4∆/∆ cells 
which is in stark contrast to the phenotype observed for sod5∆/∆ cells published 
previously (86). We also observed a possible increase in infiltration of immune cells in 
sod4∆/∆ null strain infected rat catheters (Figure 4-7). This is in agreement with the 
increased S100A8 transcripts levels we observed in the kidney of mice infected with 
sod4∆/∆ null strains, which may also indicate increased immune cell recruitment (Figure 
4-4).  
 
Overview and Future Directions  
The results shown in this chapter are preliminary and need to validated by 
additional experiments.  In the future, we can repeat these studies using an independent 
isolate of a sod4∆/∆ strain, for example, the one I created using CRISPR in Chapter 2. If 






the findings would demonstrate that SOD4 is NOT a virulence factor, at least in the two 
in vivo models studied here.  However, it is possible that SOD4 may become important in 
other instances of C. albicans infection where the enzyme is needed to guard against 
host ROS. Where else will C. albicans experience ROS? One niche of C. albicans is part 
of the microbial communities in the GI tract, oral cavity, and vaginal mucosa. Here, C. 
albicans is normally kept in check by commensal bacteria such as Lactobacillus spp. 
These bacterial communities are known to produce ROS in the vaginal mucosa and gut 
in the form of hydrogen peroxide, which in turn stimulates production of superoxide by the 
host cells (225,226). It would be interesting to determine in SOD4 is important for the 
ability of C. albicans to colonize or cause infection in the vaginal mucosa. We plan to use 
established models to look at recruitment of neutrophils during vaginal infection with 
subsequent gene expression analysis, and measures of fungal burden (227,228). Another 
context in which SOD4 may be important is orapharyngeal candidiasis (OPC). Here, 
proteins such as lactoferrin are able to sequester Fe from Candida (229). The 
antimicrobial peptide, Histatin 5, is also thought to sequester Fe from Candida in the oral 
cavity (230). SOD4 transcripts are induced during OPC infection, so this may be a good 
model to test in future animal studies comparing WT and sod4∆/∆ null strains (82).  
Another model that should be tested in the future is a GI tract model.  C. albicans 
is not able to colonize the GI tract of adult mice that are not germ free or treated with 
antibiotics (231). In antiobiotic treated animals, C. albicans strains deleted for SEF1 were 
shown to have slightly decreased colonization in the gut compared to WT, whereas sfu1 
mutants had a strong colonization defect. Sfu1 is  transcriptional repressor that represses 






genes in low Fe so these results support the notion that Candida experience high levels 
of Fe during gut infection (135). This study was performed in mice treated with oral 
antibiotics, which undoubtedly alters the host microbiota and alters the environment, 
including the presence  of siderophores (232). Nonetheless, this may be a useful model 
to test the ability of sod4∆/∆ mutants to colonize or infect the GI tract.  Therefore, this may 
need to be tested in neonatal mice, which have a different microbiota than adult mice, 
where C. albicans colonization can be established (233).  
Perhaps the most interesting finding of my preliminary in vivo results is the 
apparent decrease in mouse survival and increase in fungal burden with sod4∆/∆ mutants 
in the lateral tail vein model, as well as an increase in apparent immune cell infiltration in 
the in vivo biofilm model. If anything, these results are consistent with the sod4∆/∆ having 
an improved fitness over the WT strain and/or eliciting an enhanced and damaging 
immune response. If these results are reproducible with an independent isolate, it will be 
interesting to repeat this model with a catalytically inactive SOD4 to test whether the 
absence of protein or absence of SOD activity is responsible for this increased immune 
cell infiltration. We could also test the ability of the pSOD4-SOD5 strain described in 
Chapter 2, to see if there are any differences in yeast or rodent survival in the animal 










Figure 4-1 The effects of sod4∆/∆ mutations in a mouse model of disseminated 
candidiasis 
Survival curves of 9 week old mice male mice infected via lateral tail vein injection with 
C. albicans strains. Data is presented as the percent of surviving mice at the end of each 
day with 10 total mice for each group. Statistical analysis was performed using the log-
rank (Mantel-Cox) test.  
  
































Figure 4-2 The effects of sod4Δ/Δ C. albicans mutations in a mouse model 
of disseminated candidiasis: trial 2 with 12 week old mice 
 
A) Survival curves of 12-week-old mice as described in Fig. 4-1.  Using the log-rank 
(Mantel-Cox) test, there was no significant difference in survival observed with WT versus 
sod4∆/∆ C. albicans infected mice. Arrow indicates position of kidney harvest. B) Kidney 
fungal burden at 72 hours post infection is higher in mice infected with sod4∆/∆ mutants. 
Results are from 12 independent kidneys; *P = 0.0313. Significance was determined 









































Figure 4-3 Fungal burden in the spleens of mice infected with sod4∆/∆ C. albicans 
compared to controls  
 
Shown are the spleen fungal burden at 72 hours post infection in WT and sod4∆/∆ 
infected mice. Results in terms of colony forming units are from 12 infected mice. 


















































Figure 4-4 Host inflammatory markers in kidneys from mice infected with sod4∆/∆ 
versus WT C. albicans  strains. 
Mouse markers of infection in kidney homogenates were analyzed by qRT-PCR in mice 
infected with the indicated C. albicans strains. (A) 9 week old mice were infected with 5 x 
105 fungal cells, and kidney mRNA from 48 hours infection was normalized to ACT1 and 
expressed as fold change in sod4∆/∆ versus WT yeast infected mice. Error bars represent 
standard error of the mean. No significant changes were observed with these markers 
under these conditions. WT infected (n=3), and sod4∆/∆ infected (n=4). (B) 12 week old 
mice were infected with 2 x 105 cells of the indicated strains of C. albicans. Kidney mRNA 
at 72 hours post infection was analyzed by qRT-PCR. Data is plotted as the relative level 
of transcript compared to ACT1 in uninfected mice (n=6), WT infected (n=5), and sod4∆/∆ 
infected (n=6) mice unless otherwise described. For S100A8, EC-SOD3, and Minicle, 10 




















































































S100A8 Predominately neutrophils, some monocytes 
MINCILE C-type lectin 
macrophage 
DECTIN-1 C-type lectin,  
β-1,3-linked and β-1,6-linked glucans 
Macrophages and neutrophils 
DECTIN-2 C-type lectin 
Alpha mannans 
Macrophages and neutrophils 
IL-17 cytokine, 
Pro-inflammatory, T-helper cells 
CXCL2 cytokine 
Monocytes and macrophages 
INFG cytokine 
Natural killer cells, T-cells 
iNOS NO generator 
Monocytes and macrophages 
EC-SOD3 Mammalian extracellular SOD 









Figure 4-5 Fungal markers of infection: CSA2 is slightly induced   
 
qRT-PCR was performed on C. albicans genes from kidney homogenates of mice that 
were infected for 48 hours with 5 X 105 yeast in mice infected at the same time as the 
cohort in Figure 4-1 but with a different inoculum dose(A,B) and 72 hours with 2 X 105 
yeast in the same mice cohort used in Figure 4-2B (C,E). RBT5 transcripts were not 
detectable within infected kidneys, but were detected in the inoculum. Significant 
differences in expression were observed for CSA2 (B,D). P value = 0.0140; P value= 
0.0379 for D. There was no significant difference in the levels of SOD5 (A,C) and RBT5 
(E) transcripts in inoculum. For parts A&B, n=3 for WT and n=4 for sod4∆/∆ strains. For 
































































































































Figure 4-6 sod4∆/∆ are able to form biofilms in vivo in a rat catheter model 
C. albicans SC5314(WT) or the isogenic sod4∆/∆ strain were tested for fungal survival in 
rat intravenous catheter model. SEM were taken at 75X and 2000X magnification (Hiram 















Figure 4-7 sod4∆/∆ may have increased immune cell infiltration in rat catheter 
biofilms 
C. albicans SC5314 (WT; left) or the isogenic sod4∆/∆ strain (right) were tested for fungal 
survival in rat intravenous catheter model (see Figure 4-6 for more details). SEM images 
were taken at 5000X magnification (Hiram Sanchez, University of Wisconsin). Possible 

















qRT-PCR primers for M. musculus genes 
Actin - Forward GGC TGT ATT CCC CTC CAT CG 
Actin - Reverse CCA GTT GGT AAC AAT GCC ATG T 
IL-17A - Forward CGA AGA CTA CAG TTC TGC CAT T 
IL-17A - Reverse GAC GTT TCA GAG GTT CTC AGA G 
IL-6 - Forward GCT ACC AAA CTG GAT ATA ATC AGG A 
IL-6 - Reverse CCA GGT AGC TAT GGT ACT CCA GAA 
TNFa - Forward CCT GTA GCC CAC GTC GTA G 
TNFa - Reverse GGG AGT AGA CAA GGT ACA ACC C 
EC-SOD3 ACC GGC TTG GTT CTC TTC C 
EC-SOD3 CTC CAT CGG GTT GTA GTG CG 
MPO AGT TGT GCT GAG CTG TAT GGA 
MPO CGG CTG CTT GAA GTA AAA CAG G 
S100A8 CCCACTTTTATCACCATCGCAA 
S100A8 AAA TCA CCA TGC CCT CTA CAA G 
iNOS CCA AGC CCT CAC CTA CTT CC 
iNOS CTC TGA GGG CTG ACA CAA GG 
CXCL1- Forward GCT GGG ATT CAC CTC AAG AA 
CXCL1-Reverse TCT CCG TTA CTT GGG GAC AC 
Dectin1- Forward CAT CGT CTC ACC GTA TTA ATG CAT 
Dectin1- Reverse CCC AGA ACC ATG GCC CTT 
INFG- Forward AAG ACA ATC AGG CCA TCA GCA 






CLEC4E(Minicle) AGT GCT CTC CTG GAC GAT AG 
CLEC4E(Minicle) CCT GAT GCC TCA CTG TAG CAG 
Dectin2  CAG TGA AGG GAC TAT GGT GTC A 
Dectin2  GCT CCA GAA GTT CTC CTT GGT 
 
qRT-PCR primers for C. albicans genes 
TUB2-Forward GAG TTG GTG ATC AAT TCA GTG CTA T 
TUB2-Reverse ATG GCG GCA TCT TCT AAT GGG ATT T 
SOD5- Forward GCA GAT CTT ACA TTG GCG GTT TAT C 
SOD5- Reverse CCA AGA GAC CAT TTA CTA CTG CTC T 
SOD4- Forward CTT GAC GAA GGT GAC GAT ACT GCA A 
SOD4- Reverse TTA AAG CAG CAA CAA CAC CGG CAA T 
RBT5-Forward GCC AGA ATG TGC CAA AGA AT 
RBT5-Reverse ACG GAA ACA GAA GCA ACG TC 
CSA2-Forward  CTC CTT GTC CAT ACT GGG ATA C 
CSA2-Reverse  CCA AAG CAC TTG AGA CAC TTG 
 

























The work in this thesis has added to our knowledge of extracellular Cu-only 
SODs in Candida albicans. However, more questions remain concerning the biophysical 
properties of these enzymes and their role in infection.  
Overall, we found that C. albicans SOD4 is biochemically very similar to SOD5 
yet is regulated in different conditions (Chapter 2) and this in addition to potential 
structural differences (Chapter 3) may explain the stark differences we observed in 
animal studies (Chapter 4). Interestingly we found that production of ROS coincides with 
induction of Cu-only SODs in C. tropicalis and this agrees with C. albicans.  In all of the 
fungi we studied, we found that SODs are upregulated by Fe starvation. Given this 
conservation of Cu-only SOD regulation, we postulate that Cu-only SODs may be 
preemptively upregulated in the Fe starved environment of the host to guard against 
host derived ROS.  
 
Regulation of Cu-only SODs in Fungi 
In Chapter 2, I described the biochemistry and cellular regulation of C. albicans 
SOD4. The upregulation of Cu-only SODs during Fe starvation appeared to be 
conserved among CTG clade fungi. Given our work on Candida species other than C. 
albicans was at the transcriptional level, proteomics evidence of these SODs under 
hyphal and Fe restricted conditions would be useful to determine if these transcriptional 
responses are coupled to increases in protein levels. Such studies of SOD protein are 
important because RNA is not always an accurate predictor.  For example, in the case 
of C. albicans SOD5, transcripts were upregulated in Fe restricted conditions, but we 






proteomics studies suggested SOD5 protein levels may decrease in this condition 
(134).  
Given Cu-only SODs are found in both pathogenic and non-pathogenic fungi, it 
would be interesting to observe their regulation in other fungi. Histoplasma capsulatum 
SOD3 is found to be upregulated in the yeast-form of the fungus, as this is the virulent 
form (64). The yeast form of H. capsulatum is also able to survive and replicate within 
macrophages (87). It would be interesting to determine if SOD3 is also regulated by Fe 
starvation.  
 
Localization of Cu-only SODs 
In Chapter 2, we began to look at the localization of Cu-only SODs of C. albicans 
in cell wall extracts and cell lysates. In order to get a better idea of the localization of 
Cu-only SODs under different conditions, microscopy based approaches using 
antibodies against SOD4 and SOD5 can better define the localization of these SODs in 
the cell wall and determine their proximity to potential ROS sources such as FRE8 of C. 
albicans during hyphal growth.  
 
Targets of Cu-only SODs  
It is not clear what the potential downstream targets of ROS are in C. albicans 
Cu-only SOD mutants. In order to test this, RNA-seq analysis of sod4∆/∆ or sod5∆/∆ 
mutants under conditions where the corresponding proteins are expressed in the 
presence of a superoxide source (Xanthine oxidase/xanthine) as well as redox 






products of oxidative damage or the downstream signaling molecules that promote 
hyphal growth in the case of SOD5.  
In Chapter 2, we discussed the cell membrane as a potential target of ROS in Fe 
starved C. albicans cells. In the future, we should test whether sod4∆/∆ null mutants 
have increased lipid peroxidation.  
 
Solution-based Studies of SOD4 and SOD5 Proteins.  
In Chapter 3, we provided preliminary data of SOD4 and SOD5 15N- labelled 
proteins using NMR as well as chemical shift data for 15N, 13C- SOD4. Future studies 
are required to generate solution-based ensemble models of SOD4 that will be useful in 
further understanding the differences between SOD4 and SOD5 proteins and will lay a 
foundation for future work on understanding the unique structural properties of this new 
class of proteins.  
 
Role of Cu-only SOD Proteins in Infection  
In Chapter 4 we reviewed the virulence defects of sod5∆/∆ mutants of C. 
albicans in animal models of infection and show how effects with sod4∆/∆ mutants are 
opposite and may in fact increase virulence. Is the difference due to differential 
expression of the genes or different SOD sequences? In Chapter 2, we described 
strains whereby the SOD4 promoter drives expression of SOD5, such that the protein is 
expressed in yeast cells during Fe deprivation. In order to test if SOD protein sequence 
differences have a role in the virulence of Cu-only SOD proteins, these strains and the 






elucidate whether the timing of expression or protein sequence differences are 
responsible for differences in virulence observed. It would be interesting to test if SOD4 
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Johns Hopkins Bloomberg School of Public Health 2016-Present 
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radiolysis, atomic absorption spectroscopy, inductively coupled plasma – mass 
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A Cu-only SOD regulated by Fe homeostasis in Candida albicans 
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Biochemical and Cellular Basis behind SAICAR-mediated PKM2 Activation  
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• Designed and implemented a laboratory website to facilitate dissemination of basic laboratory 
information to the public as well as provide a resource for potential students for the Valeria 
Culotta laboratory at Johns Hopkins University using Squarespace  
• Baltimore Fungal Biology (BFB) - Worked with one other graduate student to design and 
 implement a website for the BFB academic forum comprising groups from multiple universities 
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Social Media 
• Official Live-Tweeter for the Society for Redox Biology and Medicine during the 2018 Annual 
Society Meeting. Attended sessions and drafted tweets of presentations for a general audience.  
• Contributed to the Biochemistry and Molecular Biology Department Twitter account 
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